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Biologically controlled minerals are often intimately associated with occluded 
organic components that regulate composition and morphology, and induce complex 
hierarchical structures. This integration of strong but brittle inorganic with tough but 
compliant organic also enables these hybrid tissues to have remarkable mechanical 
properties considering the starting materials. Unfortunately, this complexity also 
makes is difficult to isolate the individual effects of structure and composition on the 
mechanical response of the system.  
Here, we develop methods using synthetic mineralization to examine the 
effects of crystallographic orientation and additive content, on the hardness of single 
crystal calcite to gain insight into biomineralization. Using quasistatic depth sensing 
nanoindentation, we compare the hardness of synthetic calcite crystals incorporating 
magnesium, amino acid, or agarose additives to biogenic calcite from the prismatic 
layer of the mollusk Atrina rigida and geologic calcite in the form of Iceland spar. 
The hardness of single crystal calcite on the (001) face, varies with azimuthal 
angle; about 7% for Iceland spar and 20% for biogenic calcite. Additionally, this range 
in hardness increases with higher additive content. Hardness also increases by 30, 70 
and 20% by adding magnesium, amino acids, and agarose polysaccharides, 
 respectively, equaling the ~70% difference between biogenic and geologic calcite. 
Hardness can be reduced by thermal decomposition of the polysaccharide 
reinforcement, though the final hardness is still greater than pure geologic calcite.   
The variations in hardness with azimuthal angle and additive content are 
consistent with a hardening mechanism based on hindered dislocation motion.  
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CHAPTER 1 
1 INTRODUCTION TO MECHANICAL PROPERTIES OF BIOGENIC CRYSTALS 
 
1.1 Introduction 
The relationships among composition, structure, and mechanical properties may 
help us understand not just why biominerals have remarkable mechanical properties, but 
how biomineralization is able to create these materials, enabling us to create synthetic 
mimics. Single crystal biominerals often contain a diverse range of impurities, from 
single atoms to proteins and polymers, that make them tougher and stronger than their 
pure geologic counterparts. However, these additives, found chemically and physically 
associated within the inorganic crystal, also alter the microstructure of the growing 
biomineral, inducing complex heirarchical structures with distinct crystallographic 
orientations. This intimate integration of organic and inorganic enables these hybrid 
tissues to have remarkable mechanical properties considering the starting materials.
1-3
 
Unfortunately, it is also this complexity that makes it difficult to isolate the individual 
effects of composition and structure on the mechanical response of the system.  
There have been many studies examining the remarkable mechanical properties of 
biomineralized tissue. Within the subset of biominerals containing calcium carbonate: 
Mother of pearl has been measured to be thousands of times tougher than geologic 
aragonite.
4-6
 The queen conch is 300 times tougher with a structural design incorporating 
five different length scales.
7, 8
 Abalone shells are an “unusual combination of high 
strength, hardness and toughness.”9, 10 Bivalves and brachiopods demonstrate increased 
nanoindentation hardness attributed to inter- and intracrystalline organic
11
 and 
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microstructure.
12, 13
 Only in the case of the sea urchin spine is there information about the 
mechanical properties of a single crystal biomineral, though even in this case, other 
factors such as crystallinity and porosity have influenced the conclusions.
14, 15
 The 
remarkable mechanical properties of these biomineralized systems are often attributed to 
the complex combination of organic and inorganic as well as micro- and macrostructure. 
However, it is also this complexity that makes it difficult to quantify the mechanical 
properties of the individual single crystal biominerals that comprise the tissue. Are the 
mechanical properties of the single crystal also remarkable? 
This thesis takes a two-fold approach to understanding the individual effects of 
composition and structure on the hardness and modulus of the biomineral calcite. The 
first step involves the synthesis of single crystal calcite containing a range of additive 
sizes and concentrations. The second step involves quantitative measurement of these 
samples by depth sensing nanoindentation. By isolating and quantifying the effects of 
composition and structure, we can then evaluate whether strengthening mechanisms 
found in the metallurgical field can also be used to explain the increased strength and 
toughness of biominerals.   
Calcium carbonate (CaCO3) is found in a variety of organisms: Algae, such as 
Emiliania huxleyi, which use calcite as a protective shell, have reproductive blooms of 
such magnitude that they influence the global CO2 content.
16, 17
 Mollusks are capable of 
simultaneously producing two different crystal structures (polymorphs) of calcium 
carbonate, aragonite in an inner nacreous layer and calcite in an outer prismatic layer 
with both layers often aligned such that the carbonate groups are parallel to the shell 
surface.
18, 19
 The polycrystalline calcite eggshells of birds and dinosaurs share a 
 3 
crystallographic growth direction as well as an interruption in preferred orientation. 
These similarities have been used to distinguish their eggshells from the calcite found in 
crocodile eggshells.
20
 Calcite is also found in otoconia located in mammalian inner ears; 
it is integrated within a fibrous organic matrix that transfers forces to a nervous system, 
enabling us to maintain balance and stability.
21, 22
 All of these evolutionarily successful 
and mechanically robust examples combine organic components with inorganic calcite. 
While there are many diverse biomineral systems, we studied calcite as a model to gain 
insight into how compositional and structural variations affect the mechanical properties 
of biominerals.  
In this thesis, I first examine the structure-property relationship by quantitatively 
examining the effect of crystallographic orientation on the mechanical properties of 
single crystal calcite. Next, I examine the composition-property relationship by 
synthesizing and measuring single crystal calcite containing magnesium, amino acid,
a
 or 
agarose fiber additives, which span a range of chemical and structural size differences. 
Finally, I examine the structure-composition-property relationship by measuring crystals 
where the agarose fibers have been thermally decomposed into voids within the single 
crystal. These results are compared with biogenic calcite from the mollusk Atrina rigida, 
in order to investigate the strengthening mechanisms found in biominerals. 
1.2 Background on Calcite 
At room temperature and pressure, calcite is the most stable of the three 
polymorphs of calcium carbonate (CaCO3).
23, 24
 Calcite has a density of 2.71 g/cm
3
 and a 
Mohs hardness of 3. Aragonite and vaterite, the two other polymorphs of calcium 
                                                 
a
 Calcite crystals containing amino acid additives were synthesized by Yi-Yeoun Kim in a collaboration 
with the Meldrum group at the University of Leeds. 
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carbonate have densities of 2.95 and 2.56 g/cm
3
 respectively.
25
 Calcite does not convert 
to aragonite under hydrostatic pressure
26
, though calcite does convert to aragonite upon 
ball milling
27, 28
 and aragonite converts to calcite on heating to 400 °C.
28
 Geologic calcite 
in the form of optically clear, Iceland spar decomposes between 700 and 900 °C.
29, 30
  
The calcite crystal structure was originally solved by W.L. Bragg using x-ray 
diffraction.
31, 32
 It can be thought of as the rock salt lattice structure found in NaCl, turned 
on its diagonal and flattened down this diagonal by 77% (Figure 1.1). The sodium cations 
are then replaced by calcium cations and the chlorine anions by carbonate groups. The 
three fold symmetry axis of the carbonate groups coincides with the flattening direction. 
However, alternating layers of carbonate groups are rotated by 180 degrees, requiring two 
CaCO3 groups per primitive unit cell.  
 5 
 
Figure 1.1 Schematic of calcite crystal structure as derived from rocksalt lattice. (a) 
Initial rocksalt cubic lattice. (b) Lattice rotated onto the <111> diagonal. (c) Lattice 
compressed down diagonal to 77% of original length. (d) Calcium substituted for green 
lattice points and carbonate substituted for red lattice points. Planes of carbonate groups 
alternate directions each layer. Some atoms are removed for clarity. 
The calcite space group is R3̅c (International Union of Crystallography No. 167). 
Here, R represents the rhombohedral lattice system (Figure 1.2c) within the trigonal 
crystal system. The 3̅ stands for the three fold rotational symmetry of lattice when viewed 
perpendicular to the carbonate planes, and the overline represents the inversion symmetry 
seen through the center calcium of the rhombohedral cell (Figure 1.2c). Finally, the c 
represents a glide plane, or a reflection followed by translation. This is possible along the 
 6 
c-axis with translation of half a unit cell (Figure 1.2c) and the carbonate group can be 
used to follow this operation by first reflecting horizontally then moving vertically. 
 
Figure 1.2 Schematic of relationship between calcite morphological, rhombohedral and 
hexagonal unit cells. For clarity, not all atoms are shown in b-d. 
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Historically, there have been several choices of the unit cell used to generate the 
calcite crystal structure (Figure 1.2). The earliest choice, called the morphological unit 
cell, was chosen because of the rhombohedral morphology found in geologic Iceland spar 
(Figure 1.2a). Although the morphological cell has 4 CaCO3 groups, it does not contain 
the symmetry of the carbonate groups alternating along the c-axis and is therefore not a 
true unit cell. This can be seen in Figure 1.2b where the two adjacent morphological cells 
have inverted carbonate groups, demonstrating that space cannot be filled by simple 
translation. Accommodating the full symmetry of the space group, while maintaining a 
similar shape of the morphological unit cell, would require 8 CaCO3 groups or 40 atoms. 
A simpler way to capture the symmetry of the R3̅c space group is by using a 
rhombohedral unit cell (Figure 1.2c) which contains 2 CaCO3 groups and whose height is 
twice that of the morphological diagonal. However, neither the axes of the rhombohedral, 
nor of the morphological unit cells, are orthogonal to one another. Therefore, the 
hexagonal unit cell representation (a=4.99, c= 17.06 Å)
29
 has become standard notation in 
the literature
33
 because the presence of at least one orthogonal axis makes structure 
refinement easier. In addition to the numerical notation, a shorthand notation based on 
letters, was developed to associate commonly observed slip systems families.  
A schematic of the crystal structure showing commonly referenced atomic planes 
is shown below (Figure 1.3). In order to view all the commonly referenced planes in a 
common zone axis (that of the a-axis), the figure is rotated azimuthally around the c-axis 
by 30 degrees when compared with Figure 1.2. The CaCO3 groups are now pointing in 
and out of the plane of the paper, rather than left to right. Figure 1.3b shows the possible 
relative motion of atoms when calcite is compressed under hydrostatic pressure along the 
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c-axis. The atoms in the calcite crystal can either slip (translate) on the {104} or {012} 
planes or twin (rotate carbonate groups to form a mirror plane) along the {018} planes. 
An important and unusual feature of these slip systems is that they can shear only in the 
directions shown due to constraints imposed by the carbonate groups. 
 
Figure 1.3 (a) Schematic of calcite structure showing commonly referenced 
planes in hexagonal notation. Looking down the a1-axis which is normal to the plane of 
this paper, all labeled planes share this common a1 zone axis. (b) Relative motion of twin 
and slip systems. The direction, “(+) sense”, is denoted by relative motion of the upper 
portion of the crystal over the lower in the direction of the +c-axis.  
Table 1 relates some commonly expressed faces in the 3 crystal systems, along 
with shorthand or letter notation, found in literature. Unfortunately, Turner and Griggs,
34
 
two pioneering investigators of calcite deformation, chose to use a morphological 
hexagonal unit cell which has a 1/4 spaced c-axis.
35
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Table 1 Relationships between notations found in the literature depending on the choice 
of unit cell.  
Morphological 
(pseudo cubic) 
Rhombohedral Hexagonal Morphological
Hexagonal 
(Turner, 
Griggs) 
Shorthand 
Notation 
(100) (211) (104) (101) r 
(1-1-1)  (012) (021) f 
(110)  (018) (012) e 
(111) (111) (001) (001) c 
(1-10)  (110)  a 
(22-1)  (100) (100) m 
 
The crystal structure of calcite leads to anisotropic physical properties. The large 
optical birefringence (no ~1.66, ne ~ 1.49 at 590nm) of calcite has been studied for several 
centuries
36
 and has been utilized to make everything from polarizers
37
 to cloaking 
devices.
38
 The optical axis must coincide with the 3-fold symmetry axis which enables 
determination of the c-axis. Figure 1.4 demonstrates the optical birefringence of calcite 
when viewed normal to the {104} face. The (+) direction or “sense” is defined as 
movement toward the upper left corner of the crystal (Figure 1.4a), bounded by three 
obtuse angles, while the (-) negative direction is defined by movement toward the 
opposite corner of the face diagonal (Figure 1.3b).   
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Figure 1.4 Geologic calcite in the form of Iceland spar. (a) Rhombohedral morphology 
expressing {104} facets. (b) Crystal polished on top and bottom to expose the {001} 
plane. The c-axis is the optical axis of calcite. 
The mechanical response of calcite is also highly anisotropic. Upon heating, the 
a-axis contracts at -3.7 * 10
-6
 / °C while the c-axis expands by 25.6 * 10
-6
 / °C.
29
 Calcite 
is also auxetic, meaning that it has a negative Poisson’s ratio when uniaxial stress is 
applied in certain directions.
39
 The calculated angle of applied uniaxial stress for auxetic 
behavior is ~45 degrees from the c-axis, so I believe it to be on a {104} plane though I 
was unable to translate the compliance contour plot used in Professor Wheeler’s paper to 
rhombohedral coordinates.
39
 The auxeticity may be due to the carbonate groups rigidly 
retaining their shape and rotating out of the (001) plane during compression, causing the 
c-axis to expand while the a-axis contracts. Interestingly, increased indentation hardness 
has been noted in auxetic materials due to densification under compression
40
 and this 
mechanism could contribute to the anisotropic mechanical response of calcite.  
Calcite has several well-characterized plastic deformation modes (Figure 1.3) 
including twinning on the {018} planes and slip on the {104}, {012} and {001} planes. 
{018} twinning
35, 41-46
 (Figure 1.5) in the positive sense is the only available plastic 
deformation mode when stress is applied at room temperature with no confining 
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hydrostatic pressure.
34, 43, 45
 However, at elevated temperature or under increased 
hydrostatic pressure, slip on the {012}, {104},
47, 48
 and {001} planes is possible.
35, 49
 At 
room temperature, the critical resolved shear stress for {018} twinning was measured at 
<10 MPa while {104} and {012} slip was measured between 100 and 200 MPa.
34, 48
 
Mechanically induced twinning, as opposed to growth twinning, was first seen by 
Brewster by the reflection of candlelight off the raised edges of the twin lamellae, though 
he believed these raised edges to be a secondary cleavage.
50
  Christiaan Huygens, known 
for his wave theory of light and study of birefringence in calcite, also noted that a knife 
will glide on the {104} face much more easily in the negative sense than in the positive 
sense. In the positive sense, the knife is caught by the crystal and taken below the surface 
“like [sliding against] the scales of a fish”.51 b Undoubtably, this is due to twinning on the 
{018} planes caused by catching rough portions of the knife edge. As the existence of 
atomic structure was unknown in 1690, it is unlikely that Huygens knew that fish scales 
may also contain calcium carbonates,
52
 but it does emphasize the importance of 
controlling for crystallographic orientation when measuring the mechanical properties of 
minerals! 
                                                 
b
 Brewster included a translation of a section of Christiaan Huygens’ Traite de la Lumiere, 1690. 
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Figure 1.5 Iceland spar (b) before and (c) after twinning along the {018} plane. The 
calcite rhombohedron was pressed against a hard lab bench at room temperature and 
pressure to deform the crystal. The spacing between grid marks is ¼ inch. 
 Like the {104} face, the  (001) face also exhibits scratch anisotropy. The polish is 
smooth when the motion of the polishing film is towards the apex of the (001) face, but 
rough when going in the opposite direction. Crystallographic orientation must therefore 
be controlled when polishing samples for nanoindentation or TEM. Interestingly, the 
direction of polish is less sensitive when polishing synthetic calcite with high percentages 
of additives, or when polishing biogenic samples.  
Mechanically induced {018} twins in calcite may exhibit either permanent or 
recoverable behavior, depending on whether the elastic stored energy associated with the 
twin has reached a metastable energy state. Permanent or residual twins (Figure 1.5), seen 
as lamellae by Brewster, are created when a {018} twin propagates through a crystal to 
reach a free surface, releasing the stored elastic energy associated with the dislocation. 
However, recoverable twins, which were called “elastic twins” by Garber in 1937,46 form 
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when an applied stress causes a twin to propagate into a crystal, and disappear upon 
removal of the applied stress. When the applied stress is removed, the crystal lowers its 
energy by reversing the course of the twins (Figure 1.6). A recoverable twin will become 
a permanent twin if it is capable of making it close enough to a free surface (typically the 
face on the other side of the crystal), that it is able to release the elastic stored energy by 
propagating completely to the free surface. 
 
Figure 1.6 Optical micrographs of recoverable twins (brighter planes schematically 
highlighted by red arrows) as seen in cross polarized light. (a) A knife edge is pressed 
into the edge of the crystal inducing recoverable twinning on the {018} plane. (b-e) 
indicate the recoverable nature of the twin upon two cycles of loading and unloading. 
The macroscopic stress needed to initiate a recoverable twin is roughly an order 
of magnitude greater than that needed to propagate the twin.
41, 46
 Additionally there is a 
hysteresis in the load and unload curve once a recoverable twin has been formed.
44
 Once 
a recoverable twin has been formed, it requires a finite release of the stress before the 
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twin begins to retreat, and it takes additional stress to restart the elongation.  
The fracture morphology of calcite is dependent on the stress state that is being 
applied during the test, as well as the species that is being tested. Although conchoidal- or 
glassy fracture (as opposed to cleavage along {104} planes) has been strongly associated 
in literature as a hallmark of biogenic calcite,
53-55
 Towe, whose paper is often cited to 
demonstrate this difference,
56
 noted that conchoidal fracture can also be seen in geologic 
calcite.
56, 57
 Furthermore, in one paper, the mollusk Atrina serrata, displayed cleavage-
like fracture, although the other six species tested (from four phyla), all displayed 
conchoidal fracture.
58
 Therefore, caution should be applied when comparing the fracture 
morphology of geologic and biogenic calcite specimens. Some of the fracture differences 
noted in literature between geologic and biogenic calcite and even within biogenic calcite 
specimens, may be due to differences in the stress state applied during the fracture 
experiment.
55, 56
 For instance, the fracture morphology of geologic calcite cleaved using a 
razor blade may be compared with sea urchin spines fractured  under compressive-, 
tensile-, or bending stress states. Additionally, inhomogeneities such as pores or voids 
found in sea urchin spines may cause local stress state variations at the crack front that 
are not found in Iceland spar or other species. 
1.3 Nanoindentation 
Depth sensing nanoindentation is an experimental method that involves pressing 
an indenter with a calibrated shape into a sample and measuring the force as a function of 
displacement.
59, 60
  Nanoindentation is useful for measuring the hardness and modulus of 
biogenic and synthetic samples because data can be obtained from very small sample 
volumes. Accurate information can be obtained from indentations with depths less than 
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50 nm and corresponding widths less than ~200nm. The biogenic and synthetic samples 
used in this thesis typically ranged from 30 to 70 m in diameter enabling either multiple 
measurements per sample or measurements as a function of spatial concentration 
gradients. 
All hardness measurements in this thesis used a Berkovich, three sided pyramidal 
indenter whose geometry is shown in Figure 1.7. In contrast to four sided Knoop and 
Vickers indenters typically used in a classical hardness tests, the three sided pyramidal 
indenter can be more easily sharpened to a point, enabling smaller test depths to be 
accurately measured. However, in keeping with the classical tests, the Berkovich indenter 
has the same depth to area ratio as the Vickers indenter.     
 
Figure 1.7 Schematic diagrams of a Berkovich indenter tip. (a) Top view of indenter. (b) 
Side view including indenter angles. 
We used nanoindentation in quasistatic mode to determine the hardness and 
modulus of calcite. All experiments used a “trapezoidal” load function with 5 second 
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load, hold and unload segments, with the unload segment being used to calculate 
hardness and modulus.
59, 60
 The velocity of recoverable twins in calcite has been found by 
high speed photography to be ~2 m/s and independent of the magnitude of shear stress.
42
 
Since the depth and diameter of the indents used in this thesis are on the order of 1 m, 
and the unload segment spanned 5 seconds, any recoverable twins would have reached a 
metastable equilibrium during unloading. Therefore, the load-displacement curves fully 
reflect any displacement of the sample due to recoverable twinning.  
The hardness of the sample may be calculated by dividing the maximum load by 
the projected area at the contact depth (Equation 1). 
𝐻 =
𝑃𝑚𝑎𝑥
𝐴𝑐
     (1) 
The modulus calculated from an indentation test differs from the Young’s 
modulus measured in a uniaxial tension test because the bulk material adjacent to an 
indent restrains plastic deformation, while this back pressure does not exist in a uniaxial 
tension test.  We use the standard Oliver and Pharr method to determine the modulus of 
the sample according to Equation 2.
59, 60
 
𝐸𝑟 =
1
𝛽
√𝜋
2
𝑆
√𝐴𝑐
    (2) 
Here, Er is the reduced modulus, S is the stiffness of the unloading curve,  is a 
geometrical constant and Ac is the projected contact area. The reduced modulus includes 
both an elastic response from the diamond indenter tip as well as from the sample. It is 
possible to separate out the components using Equation 3. 
1
𝐸𝑟
=
1−𝑣𝑖
2
𝐸𝑖
+
1−𝑣𝑠
2
𝐸𝑠
  (3) 
Here, the subscripts i and s refer to indenter and sample, while  represents 
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Poisson’s ratio. In this thesis, we report the plane strain indentation modulus, Es/(1-vs
2
), 
also known as the indentation modulus, Eit as this is the basic materials property obtained 
in a nanoindentation experiment. In some studies, the reduced modulus, Er is reported, 
although this includes the elastic properties of both the tip and sample as shown in 
Equation 3. It is not sensible to try to separate values for Young’s modulus and Poisson’s 
ratio since these values cannot be determined separately, and the standard Oliver and 
Pharr analysis assumes an isotropic material, which calcite is not. 
1.4 Synthetic Calcite Containing Additives 
Biogenic calcites contain a wide variety of additives ranging in size from 
substitutional magnesium ions to second phase polymer networks. However, deciphering 
the hardness and modulus effects of each individual additive found in biogenic calcite is 
difficult, because variations in composition, morphology, and orientation all may occur 
within a single biogenic specimen. A synthetic route is capable of controlling for 
composition, morphology and orientation, enabling us to determine the hardness and 
modulus effects of the individual additives found in biogenic calcite. 
There is a large background of literature on growth conditions that create single 
crystal calcite, as well as methods for incorporation of additives into these single 
crystals.
61
 Supersaturation has been effected by changes in temperature or pH, mixing of 
precursor salts, evaporation of the solvent, liquid diffusion of Ca
2+
 and CO3
2-
, and by gas 
diffusion of CO2. Calcite has also been made to incorporate chemically, physically and 
morphologically diverse impurities which range from atomic substitutions to structure 
directing frameworks.  
In research presented in this thesis, calcite was grown by gas diffusion of CO2 
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(Figure 1.8) into either a solution or a gel containing calcium chloride and the desired 
additive (magnesium, amino acid, or agarose). As the calcite grows, it incorporates the 
additive, resulting in hybrid crystals whose mechanical properties can be quantified. The 
growth chamber is a large glass enclosure, approximately 4 liters in size, which houses 
the experimental growth conditions. A 20 milliliter vial containing approximately 0.5 
grams of ammonium carbonate (NH4)2CO3 is placed in the enclosure along with a 5 mM 
CaCl2 solution containing the additive.
c
  As the ammonium carbonate decomposes, it 
creates CO2 gas which diffuses into the CaCl2 solution, resulting in a supersaturated 
medium and eventual growth of calcite. 
 
Figure 1.8 Schematic diagram showing the growth configuration used in this thesis. Solid 
ammonium carbonate decomposes into ammonia and carbon dioxide. The carbon dioxide 
then diffuses into a calcium- and additive rich solution or gel. Finally, rhombohedral 
single crystals of calcite incorporating the additives precipitate out of solution.  
Schematic diagram showing growth configuration used in this thesis. Solid ammonium 
carbonate decomposes into ammonia and carbon dioxide. The carbon dioxide then 
                                                 
c
 Growth conditions are similar for the calcite containing amino acid additives, grown by Yi-Yeoun Kim, 
and are specified in chapter 3. 
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diffuses into a calcium- and additive rich solution or gel, precipitating an additive 
containing calcite. 
1.5 Strengthening Mechanism 
We propose that strengthening mechanisms found in metallurgy and based on 
reduced plasticity by hindered dislocation motion can be used to explain the increased 
hardness of biogenic calcite. Plasticity is permanent deformation caused by the 
rearrangement of atomic bonds. In the case of a perfectly ordered crystal, this 
rearrangement of bonds occurs at localized defect sites called dislocations. As stress is 
applied, dislocations can move through the crystalline lattice much like an inchworm 
walks across a table, or a Vernier caliper reading moves as the calipers are shifted; bonds 
break and reform, creating a zone of lattice defects that propagates through the rest of the 
perfect crystal. This localized defect motion requires less force than shearing and 
reforming all the bonds at the same time.
62
 
During an indentation test that leaves behind a permanent shape change, material 
plastically deforms to accommodate the volume of the indenter tip and lower the energy 
of the system. Since hardness is a measure of the material’s resistance to plastic 
deformation, anything that impedes dislocation motion will increase the hardness of the 
material. Analogous to strengthening in metallic crystals,
62
 we propose that additives and 
microstructural variations act as impediments to dislocation motion and are the source of 
the higher hardness of biogenic calcite. 
 In calcite, these dislocations, or crystallographic defects, move on the {012}, 
{104} and {018} slip- and twin planes.
34, 35, 48, 49
 The black line in Figure 1.9 
schematically represents an edge dislocation, where an extra plane of atoms has been 
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sandwiched above the slip plane. As stress is applied to the system, i.e. by an indenter tip, 
this dislocation can move on {012}, {104} and {018} slip- and twin planes to 
accommodate the increased stress.  
 
Figure 1.9 (a) Schematic of dislocation encountering substitutional additives (green), a 
small molecule second phase aggregate (blue), and two fibers (red). The line connecting 
inverted “T”s, represents an extra plane of atoms, extending upward from the slip plane. 
(b) As the dislocation moves to the right, the stress fields of the additives impede the 
motion, resulting in a back stress and higher hardness.  
Different strengthening mechanisms would be expected for the three types of 
additives shown in Figure 1.9. For an atomic- or molecular substitutional additive, the 
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stress fields caused by the size- or elastic modulus- mismatch of the inclusions with the 
crystalline matrix would impede the motion of the dislocation by acting as a barrier to 
continued dislocation motion. For a second-phase-aggregate- or fiber- additive, the local 
inhomogeneous strain field due to an elastic modulus mismatch could also hinder 
dislocation motion. Finally, a rigid second phase aggregate or fiber could also physically 
block dislocation motion and prevent rearrangement of bonds if it were incapable of 
shearing.  
With increased stress, the dislocations may continue to move. For substitutional 
additives, if a great enough stress were applied, the dislocation would be able to unpin 
itself from the obstacles and continue moving through the lattice to reduce the energy of 
the system (Figure 1.10).  For a soft second phase aggregate or fiber, continued 
dislocation motion would leave behind a sheared second phase, where the top portion of 
the obstacle has been pushed aside by one lattice space (Figure 1.10a).  
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Figure 1.10 Schematic of dislocation motion under applied stress. (a) If the stress is great 
enough, the dislocation will unpin itself from the substitutional additives (green), or shear 
the second phase and weak fiber additives (blue and lower red). A strong fiber (top red) 
will resist shearing, forcing the dislocation to lengthen. (b) Dislocation merges with itself 
leaving behind a high energy defect. This residual defect can now impede the motion of a 
second dislocation.  
However, if the second phase aggregate is stronger than the dislocation, the 
dislocation must leave behind a residual defect, so that the rest of the dislocation may 
continue to move. This residual defect (Figure 1.10b), may then act with other incoming 
dislocations to further impede dislocation motion, resulting in an increase in back 
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pressure and a higher hardness.  
1.6 Conclusion 
According to Stephen Mann, the guiding principles of biomineralization are “the 
study of the formation, structure and properties of inorganic solids deposited by 
biological systems.” Materials science and engineering, as defined by the National 
Academy of Sciences’ 1974 COSMAT report, is the “application of knowledge relating 
the composition, structure, and processing of materials to their properties and uses.”63 
The similarity of these two definitions suggests a natural overlap between the fields of 
biomineralization and materials science and engineering. It is therefore a progression of 
both fields to apply theories established in traditional materials science and engineering 
literature to biominerals. This thesis uses careful control of crystallographic orientation as 
well synthetic control of compositional variation in order to quantify the reasons for the  
increased hardness found in biogenic minerals. Additionally, by examining the effects of 
individual compositional impurities found in biogenic calcite, we hope to better 
understand how biomineralization is able to strengthen these materials, and in turn, be 
able to create synthetic minerals with tailored mechanical properties. 
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CHAPTER 2 
2 EVALUATION OF STRENGTHENING MECHANISMS IN CALCITE SINGLE 
CRYSTALS FROM MOLLUSK SHELLS
*
 
2.1 Abstract 
Biogenic single crystal calcite is often reported to be harder and tougher than 
geologic calcite in the form of Iceland spar. However, the mechanistic origins of the 
superior mechanical properties of the biogenic materials are still debated. We investigate 
the hardness and modulus of biogenic calcite from the prismatic layer of the mollusk, 
Atrina rigida, compared with a pure geologic calcite, Iceland spar. On the {001} face, 
biogenic calcite is found to be 50 to 70% harder than geologic calcite. This range is due 
to the fact that changes in azimuthal angle of the indenter tip lead to a hardness variation 
of ~20% in Atrina rigida but only ~7% in Iceland spar. The higher hardness and 
increased anisotropy of biogenic calcite could be accounted for by hardening mechanisms 
based on hindered dislocation motion rather than crack deflection. 
 
2.2 Introduction 
Biomineralized tissues are hierarchically-organized composites that are often 
reported to be stronger and tougher than their inorganic constituents.
1-5
 However, the 
mechanical properties of these constituents are rarely measured because of their small 
size, and the measurements that do exist are widely scattered.
6-9
 Therefore, understanding 
the mechanical properties of biogenic composites requires understanding the 
                                                 
*
 Portions reproduced with permission from M. E. Kunitake, L. M. Mangano, J. M. Peloquin, S. P. Baker, 
L. A. Estroff, Acta Biomaterialia, 2013, 9 (2), 5353-5359. Copyright 2012 Acta Materialia Inc. 
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microstructure, properties, and morphologies of the individual constituents at all 
appropriate length scales. As a model system, we compare the structure and mechanical 
properties of individual calcite single crystals from the outer shell of the mollusk, Atrina 
rigida, with those of a pure geologic calcite single crystal, Iceland spar.  
Biomineralized structures such as mollusk shells are comprised of small mineral 
crystals embedded within a polymer matrix. The mechanical properties of these 
composites are typically evaluated using a classic engineering approach in which both 
phases are assumed to be homogeneous and the properties of pure single crystals are used 
to describe the mineral.
3, 4
 However, the individual, mineral building blocks in biological 
tissues are often themselves composites. Analyses of large biogenic crystals have shown 
up to several weight percent of organic biomacromolecules trapped within the crystals.
10-
15
 These occluded biopolymers are thought to toughen the biogenic minerals.
16
 In 
addition, multiple characterization techniques have revealed, in a range of biogenic 
crystals, the presence of a “granular” sub-structure, which may be a remnant of a 
formation process that begins from an amorphous precursor.
17, 18
 Despite all of this 
evidence that individual biogenic crystals cannot be treated as homogenous, pure crystals, 
very little work has been done to quantitatively evaluate their mechanical properties.
6, 8, 19, 
20
 
The focus of the current study is the outer shell of the bivalve, Atrina rigida 
(Figure 2.1a).
12
 The shell of this mollusk is comprised of two layers, each containing 
mineral crystals surrounded by water-insoluble, organic matrices. In the inner nacreous 
layer, the mineral is in the form of aragonite “tablets” and in the outer prismatic layer the 
mineral is in the form of elongated single-crystal “prisms” of calcite (Figure 2.1b). In the 
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prismatic layer, the individual prisms are oriented with their long axes (the 
crystallographic c axis) perpendicular to the shell surface (Figure 2.1c). Each prism 
diffracts x-rays as a single crystal with coherence lengths similar to those measured for 
geologic calcite (from hundreds of nanometers to several micrometers).
21, 22
 Recent TEM 
studies have further confirmed that Atrina prisms, in contrast to prisms from other 
mollusk species, can be treated as single crystals.
23
 In addition, compositional analysis 
reveals that within each prism, there are both inorganic impurities, in particular Mg
2+
, and 
organic macromolecules, including chitin and members of the Asprich protein family.
11, 
12
 Based upon evidence from x-ray coherence length measurements, small angle x-ray 
scattering and annular dark field scanning transmission electron microscopy and 
tomography, the intra-crystalline biomacromolecules are incorporated in the form of 
flattened disks that lie parallel to {001} planes.
10, 21, 24
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Figure 2.1 a.) Photograph of an Atrina rigida shell. b.) Scanning electron micrograph of a 
cross-section of the shell showing the larger columnar prismatic layer (top) and smaller 
plate-like nacreous layer (bottom). c.) Top view of a polished prismatic layer with an 
overlay of the EBSD map used to determine crystallographic orientation.  The color of 
each 5 µm by 5 µm pixel is generated by plotting the three Euler angles that correlate the 
calcite crystal orientation at that location to a constant reference coordinate system as red, 
 33 
green, and blue color intensities. The interprismatic organic matrix has been damaged by 
the EBSD electron beam in this image and appears bright. 
To fully understand the origins of the superior mechanical properties of biogenic 
materials, the properties of individual building blocks, such as the individual prisms in 
Atrina rigida, must be determined. In this paper, we present results of a detailed study of 
the hardness and indentation modulus of the prisms, along with qualitative observations 
of fracture. Because the prisms are small (< 100 µm in diameter and up to several 
hundred µm long), we use nanoindentation to determine the properties of individual 
single crystals. We conducted identical experiments on single crystal Iceland spar, a pure 
(<1 wt% inorganic impurities) form of calcite, as a reference (Figure 2.2a). We note that 
very few comparable experiments have been performed for either biogenic or geologic 
calcite and that the previously reported data are very scattered.
6, 9
 For example, the 
hardness of single crystal Iceland spar, indented on {104} faces, has been reported to be 1 
to 3 GPa,
6, 25, 26
 while the hardness of biogenic calcite single crystals, indented in a range 
of orientations, spans from 2.2 to 5 GPa.
6-9
 While it is well known that calcite is 
anisotropic,
27-32
 the effects of this anisotropy on Berkovich indentation values has, to the 
best of our knowledge, not been evaluated. In the present work we account for this 
anisotropy and find it to be significant.  
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Figure 2.2 a) Polished geologic calcite crystal on a ¼ in. grid. A {001} plane is exposed 
for nanoindentation. b) Schematic illustration of a calcite crystal relating the {001} 
indentation plane with the {104} slip system and the {018} twin system. c) Schematic 
illustration showing the reference = 0° orientation of a 3-fold symmetric Berkovich tip 
relative to a calcite crystal. 
2.3 Experimental Design 
We chose to indent the prisms on their naturally exposed surface, i.e., the {001} 
plane (Figure 2.1c), since this orientation is the biologically relevant wear surface at the 
exterior of the mollusk shell. We polished the geologic calcite crystals to expose a {001} 
facet on which to indent so that the results would be directly comparable to the biogenic 
crystals (Figure 2.2a). The symmetry of the indenter tip must also be taken into account. 
For this work, we used a 3-fold-symmetric Berkovich tip. When viewed down the c axis 
(normal to the {001} plane), calcite also has a 3-fold axis of symmetry (Figure 2.2). For 
this reason, the azimuthal angle, , of the indenter tip with respect to the calcite {001} 
plane, must be controlled. We define the azimuthal angle to be 0° when the faces of the 
Berkovich tip, the {001} surface, and the adjacent {104} facets share common zone axes 
(Figure 2.2c). Due to symmetry, the angles 0° ≤  ≤ 60° will contain all information for 
this system; however, for completeness, we performed indents at azimuthal angles from 
0° to 120° in both the biogenic and geologic calcite crystals. For comparison with 
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previously published nanoindentation results,
1, 6, 7, 25, 26
 we also indented geologic calcite 
on the naturally occurring {104} cleavage face. Hardness and modulus values were 
determined at each azimuthal angle. 
2.4 Materials and Methods 
2.4.1 Specimen Preparation and Characterization 
 
Optically clear geologic calcite rhombohedra (1-2 cm in length; Carolina 
Biological Supplies GEO3429B) were mechanically polished on the (001) plane to a 
RMS roughness of less than 10 nm by using a disk grinder followed by graded Al2O3 
lapping films and a final 50 nm Al2O3 powder (Buehler micropolish Al2O3) suspended 
in a water and 2-methyl-2,4-pentanediol mix (Green Lube, Allied High Tech) (Figure 
2.2a). A representative sample measured by ion coupled plasma atomic emission 
spectroscopy (ICP-AES) contained less than 1 wt % inorganic impurities (data not 
shown).  
Atrina rigida (Gulf Specimen Marine Lab, Florida) samples were received fresh 
and cleaned of sand and other debris. The shells were then placed overnight in 10% 
NH4OH, rinsed with DI water, and frozen for storage. One portion (~1 cm x 1 cm) of the 
frozen shell was then thawed, excised, and embedded in epoxy (Electron Microscopy 
Sciences Epofix) so that the c axis fiber texture of the prismatic layer would be accessible 
after polishing by the same procedure described for the geologic samples. The sample 
was then stored at ambient conditions before measurements were taken.  Only one shell 
was chosen for analysis to eliminate variability from organism to organism. 
EBSD (Leica StereoScan 440 SEM with Nordlys II EBSD detector) was used to 
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determine the crystallographic orientation of each individual prism and SEM (Leo 1550 
FESEM) was used to image the indentations. For imaging, EBSD samples were coated 
with amorphous carbon, while SEM samples were coated with Au-Pd. Prior to 
indentation, the carbon layer was removed by a final polish with the 50 nm Al2O3 powder 
suspended in a water and 2-methyl-2,4-pentanediol mix.  
2.4.2 Nanoindentation 
 
 Load-displacement measurements were performed using a Berkovich diamond 
indenter in a commercial nanoindenter system (Hysitron Triboindenter) in quasistatic 
mode. Prior to data collection, the shape of the tip was calibrated.
33
 It had a tip radius of 
~120 nm. Each indent consisted of five second load, hold, and unload segments with the 
unloading segment used to calculate the indentation modulus and hardness (Figure 2.3).
33
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Figure 2.3 Representative load displacement graphs for Atrina rigida and geologic 
calcite. Atrina rigida: 0° dark blue, 60° light blue. Geologic: 0° red, 60° pink. The 
maximum depth and amount of creep is less for Atrina rigida than geologic calcite.  
 
Indentations were made to a maximum load of 2500 µN, resulting in depths of 
about 170 nm in Atrina prisms and 200 nm in Iceland spar (Table 2 and Figure 2.3). 
Based upon a survey of loads (data not shown), 2500 µN was chosen as the maximum 
load to ensure that the indentation depth was significantly larger than the surface features 
(surface roughnesses were less than 10 nm RMS) and that the sampled volume would 
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encompass a homogenous representation of the biogenic calcite. The load was also 
chosen to be small enough to allow for multiple measurements per prism (4-9 
indentations were made at each azimuthal angle). Hardness and modulus values were 
relatively constant in a range from 1500 to 10000 N in geologic calcite and from 2500 
to 10000 N in Atrina rigida (data not shown), so the reported values are expected to be 
representative. For the {001} face of Iceland spar, arrays of 9 indentations were made at 
each azimuthal angle. On the {104} face of Iceland spar, arrays of 9 indentations were 
made in 20 degree azimuthal angle increments, totaling 120 degrees, and the hardness 
and modulus values are reported as the average of the measured values at each angle.  
 
Table 2 The plane strain indentation modulus and hardness values for biogenic and 
geologic calcite.  
 
)
2
1(
ss
E   
(GPa) 
Hardness  
(GPa) 
Indentation Depth 
(nm) 
0° 60° 0° 60° 0° 60° 
Biogenic {001} 
Atrina rigida 
74.9 ± 0.7 70.1 ± 1.5 3.47 ± 0.21 4.19 ± 0.27 173 ± 2.1 166 ± 2.1 
Geologic {001} 76.9 ± 3.1 67.5 ± 1.1 2.30 ± 0.14 2.46 ± 0.03 203 ± 4.5 199 ± 1.1 
Geologic {104}
[a]
 88.1 ± 1.7 2.54 ± 0.07 182 ± 2.4 
[a]
The {104} data is an azimuthal average. 
 
2.4.3 Crystallographic Orientation 
 
For the geologic crystals, the azimuthal angle could be determined optically based 
upon the crystal morphology (Figure 2.2a). Geologic azimuthal angle data were collected 
on the single crystal by rotating the specimen beneath the tip in ten-degree increments. 
The vertex between a {104} and a {001} plane was viewed under the optical microscope 
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of the nanoindenter and aligned to the indenter tip using the angle measurement function 
in the microscope software. The initial fixed orientation of the tip was determined by 
imaging an impression made in a fused silica reference.  
For the Atrina prisms, with their {001} fiber texture, electron back-scattered 
diffraction (EBSD) was used to determine both the c axis orientation and the in-plane 
orientation (azimuthal angle) for individual prisms (Figure 2.1c). Only prisms whose c 
axes were within 5° of the surface normal were selected for indentation. The orientation 
in the a-b plane for each of these prisms was determined, and coupled with knowledge of 
the tip orientation, used to determine the azimuthal angle for each prism. A range of 
prism orientations were chosen to sample the entire 0°-120° range. The embedded and 
polished shell sample was notched with two reference alignment marks to retain 
azimuthal angles when transferring between the EBSD microscope and nanoindenter. 
Reported azimuthal angles are estimated to be accurate to ± 1°. 
2.5 Results 
The hardness for both Atrina prisms and Iceland spar, indented on the {001} face, 
varies with azimuthal angle,  (Figure 2.4 and Table 2). For both materials, the lowest 
values are found near  = 0˚ and the highest at = 60˚. The hardness varies 21% and 7% 
with  for Atrina prisms and Iceland spar, respectively. In addition, at all , the hardness 
values are significantly higher for the biogenic crystals. The prisms are 51% harder than 
Iceland spar at  = 0˚ and 70% harder at  = 60˚. The uncertainty in the hardness values 
was significantly greater in the biogenic material. Indentions on the {104} face of Iceland 
spar returned hardness values (Table 2) similar to those found in other nanoindentation 
experiments that were conducted on the {104} face.
1, 6, 7, 25, 26
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Figure 2.4 Plot of hardness as a function of azimuthal angle for Atrina rigida (blue 
diamonds) and geologic calcite (red circles). Each azimuthal angle is an average of 9 to 
27 indents for the geologic sample or 4 to 8 indents for the biogenic sample. Error bars 
represent one standard deviation.  
In contrast to the hardness, the indentation modulus values (Table 2 and Figure 
2.5) for Atrina prisms and Iceland spar are similar and vary by only about 10% with . 
The variation with  is consistent with the 3-fold symmetry of both the indenter tip and 
the (001) face of calcite. The fact that the values are the same for both biogenic and 
geologic material indicates that the concentrations of impurities and defects in the 
biogenic material are not high enough to significantly affect the modulus. Overall, the 
higher variability in the modulus data from the Atrina prisms can be attributed to the 
smaller number of indents per prism and greater inhomogeneity of that material. The fact 
that the variability is higher at lower values, particularly in the Iceland spar, can be 
attributed to cracking.  
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Figure 2.5 Plot of plane strain indentation modulus as a function of azimuthal angle for 
Atrina rigida (blue diamonds) and geologic calcite (red circles). Each azimuthal angle is 
an average of 9 to 27 indents for the geologic sample or 4 to 8 indents for the biogenic 
sample. Error bars represent one standard deviation. 
Modulus values from indentations on the {104} face of the geologic material 
were found to be ~10% higher than values reported in previous studies.
1, 6, 7, 25, 26
 
However, caution should be exercised in directly comparing modulus values obtained 
from nanoindentation experiments because it is often unclear which modulus is being 
reported. In the standard analysis, the plane strain modulus of the sample, )21(
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and the plane strain modulus of the indenter tip, )21(
tt
E  , combine to form the 
“reduced modulus,” Er, following: 
t
t
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r EEE
22 111  


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     [1] 
where E and  are Young’s modulus and Poisson’s ratio, and the subscripts s and t refer 
to the sample and tip materials, respectively. Different groups report Er, Es (sometimes 
referred to as Eit), or )
21(
ss
E  , as the modulus. We report the plane strain indentation 
modulus, )21(
ss
E  , since this value is the sample-specific modulus obtained in a 
nanoindentation experiment. Er includes the elastic properties of the tip, and reporting Es 
requires making some assumption about Poisson’s ratio, which is highly anisotropic in 
calcite.
34
 We thus view our modulus values as being similar to those previously reported. 
Finally, the fracture response of both biogenic and geologic calcite was dependent 
on azimuthal orientation. SEM images of indentations in both materials showed multiple 
fractures for  near 0°, and virtually no fracture for  near 60° (Figure 2.6). At higher 
loads, it becomes apparent that there is more cracking in Iceland spar at Figure 
2.7).  
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Figure 2.6 Representative SEM images of 2500 µN indents of: a) Geologic 0° b) 
Geologic 60° c) Atrina rigida 4.1° d) Atrina rigida 60°. RMS roughnesses for both 
geologic and biogenic surfaces were measured by the nanoindenter to be <10 nm.  Any 
apparent difference in surface texture between the images in (c) and (d), which are taken 
from the same sample, is a result of a higher magnification and grey level-adjustment to 
enhance the contrast in (d) to better image the indents.  
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Figure 2.7 Representative SEM images of 8500 μN indents scaled to the same 
magnification: a) Atrina rigida 0° b) Geologic 0°. Although the indents are roughly the 
same size, the fracture length of the geologic samples is greater. 
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2.6 Discussion 
2.6.1 Plastic Deformation in Geologic and Biogenic Calcite 
Calcite is an ionic crystal and fractures easily in tension. However, in 
compression or shear, calcite readily deforms plastically, even at room temperature. For 
plastic deformation of a crystal there are only two possible mechanisms, dislocation 
motion and/or mass transport. The presence of small amounts (by weight or volume) of 
organic macromolecules and/or voids within the crystal does not make any new 
mechanisms possible. The biogenic crystals, therefore, still have to deform by one of 
these two mechanisms. Since there is no evidence for high diffusion rates in calcite at 
room temperature under and near the indenter, dislocation motion is the only possible 
plastic deformation mechanism for both the geologic and biogenic calcite crystals. 
In uniaxial compression, Iceland spar has been shown to deform plastically by 
slip on {104} and {012} planes and by twinning on {018} planes (Figure 5) 
30, 35
 at 
pressures much lower than those found under an indenter tip (0.5 or 1.0 GPa 
30
 vs. 2.5 to 
4 GPa (Figure 2.4 and Table 2). It is therefore unsurprising that plastic deformation 
occurs in calcite during hardness testing. The residual impressions left after an 
indentation test in calcite single crystals (Figure 2.6 and Figure 2.7), whether biogenic or 
geologic, necessarily arise from dislocation motion on the available slip planes. Indeed, 
SEM images of indentations made using higher loads (8500 µN) (Figure 2.7) show that 
regions of material have slipped up and out along the expected, well-defined 
crystallographic planes.  
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Figure 2.8 Calcite atomic structure (green filled circles: calcium; red filled circles: 
oxygen; grey filled circles: carbon) showing the {001} indentation plane (grey line), the 
{104} and {012} slip systems (green and black lines, respectively), and the {018} twin 
system (red line).  
 
2.6.2 Angular Variation in Hardness  
The limited number of slip systems available leads to anisotropy in the plastic 
response of calcite. Hardness anisotropy in single crystals, in general, is well-known and 
has been studied in calcite using Knoop and Vickers micro-indenters, whose four-fold 
symmetries do not match the symmetry of the crystal faces in calcite, making 
interpretation of these data difficult.
29, 36-38
 In our case, the three-fold symmetry of the 
Berkovich nanoindenter matches the three-fold symmetry of the (001) face of calcite 
(Figure 2.2c), allowing a conceptually simple evaluation of the variations in hardness and 
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fracture with azimuthal angle based on slip-system geometry, without need to assume a 
particular stress state.  
When the indenter is in the  = 0˚ orientation, three planes are favorably oriented 
to accommodate deformation in the material adjacent to each indenter face with a 
minimum of dislocation activity: {104} and {012} primary slip planes, and a {018} twin 
plane. In contrast, at  = 60˚, {018} twinning is suppressed and deformation adjacent to 
each face requires the coordinated motion of two sets of both {104} and {012} slip 
planes, or slip on less-favorably oriented planes, requiring necessarily more dislocation 
line length and more dislocation interactions. Thus the 60˚ orientation is expected to be 
harder than the 0˚ orientation, in agreement with our data for both geologic and biogenic 
calcite. 
The -dependence of fracture also contributes to the -dependence of the 
calculated hardness values. The “easy” slip systems at  = 0° are all facilitated by radial 
cracking at the indenter edges, and indeed both geologic and biogenic calcite show more 
fracture near this orientation (Figure 2.6 and Figure 2.7). Since fracture facilitates 
additional permanent deformation beneath the indenter, it further reduces the hardness 
values near  = 0°. 
2.6.3 Comparison of Biogenic and Geologic Materials 
The higher hardness of the biogenic calcite single crystals in Atrina rigida prisms 
compared to that of the geologic Iceland spar (Figure 2.4) can be attributed to four 
possible sources: solid-solution strengthening due to Mg
2+
 substitutionals, composite 
strengthening due to occluded macromolecules, strengthening due to residual defects that 
arise as a result of the formation process, and differences in fracture toughness.
6, 8, 16, 20, 39-
 48 
41
  
Magnesium is well-known to substitute for calcium in calcite 
42-44
 and is 
commonly found in biogenic calcite, including 0.4 to 1 at% in the Atrina prisms.
11, 45
 
Recent computational studies 
46, 47
 suggest that the lattice distortions around Mg
2+
 
substitutionals are significant, and such distortions would hinder dislocation movement 
through the crystals, resulting in an increased hardness. Due to the structural complexity 
and multiple impurities in biogenic calcite, it has been difficult to establish clear 
correlations between experimental measurements of Mg
2+
 concentration and the hardness 
of biogenic calcite.
8, 16, 39-41
 However, we have recently identified a correlation between 
magnesium content and hardness in synthetic calcite.
45
  Based upon those measurements, 
the magnesium content in Atrina prisms could account for ~20 to 50% of the observed 
increase in hardness.  
It is well-known that the presence of the occluded macromolecules significantly 
changes the appearance of fracture surfaces and indirect evidence suggests that occluded 
macromolecules increase the fracture toughness.
13, 16
 Even though the macromolecules 
themselves are unlikely to be particularly resistant to shearing (at least for small plastic 
strains) the lower stiffness regions associated with the presence of the macromolecule 
inclusions should attract dislocations and increase the hardness.  
The formation mechanism of the prismatic layer in bivalves is still under 
investigation and may occur via the agglomeration of amorphous calcium carbonate 
particles.
12, 18
 Most of the indirect evidence for such a mechanism comes from genera 
other than Atrina. For example, phase-contrast AFM images of polished and gently 
etched prismatic layers from Pinna nobilis, Haliotis rufescens, and Pinctada 
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margaritifera all show 50-60 nm sized grains surrounded by a thin (~8 nm thick) layer.
48
 
In other work, x-ray absorption spectroscopy suggests that prisms from Pinctada fucata 
are composed of many crystallographically mis-aligned nanoparticles.
49
 Finally, a recent 
comparative study of multiple prismatic layers using x-ray diffraction and TEM 
techniques suggests that prisms from Pinctada fucata and Crassostrea nippona have a 
“sub-grain structure”, whereas prisms from Atrina pectinata do not.23 Interestingly, SEM 
images of the growing prismatic layer of Atrina rigida suggest the initial deposition of 
50-100 nm sized particles. What remains unclear is how such particles can coalesce into 
“good” (as assessed by x-ray and TEM) single crystals of calcite.12  The existence of any 
sort of sub-grain structure within a single crystal requires that dislocations exist on the 
boundaries. Other defects (e.g., vacancies, impurity atoms) may also accumulate there. 
These defects would interact with dislocations to strengthen the material.  
Finally, it is worthwhile to consider the effect of fracture on the difference in 
hardness between the biogenic and geologic samples. For a given material, the measured 
hardness values would be expected to decrease as the extent of fracture increases. Since 
the geologic material fractures more at  = 0˚, and neither material fractures at  = 60˚, if 
fracture were the cause of the measured difference in hardness, that greatest difference 
would be at  = 0˚. However, the largest difference was at  = 60˚. Thus, the other 
strengthening mechanisms cannot be independent of , and in fact must make the 
biogenic material more (plastically) anisotropic than the geologic one.  
2.7 Conclusions 
We have shown individual calcite single crystal prisms from the mollusk Atrina 
rigida to be significantly harder and tougher (as inferred from the extent of cracking 
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under identical conditions) than the geologic calcite single crystal reference (Iceland 
spar). After accounting for anisotropy, the biogenic crystals, indented along the <001> 
axis, are 51 to 70 % harder than geologic Iceland spar, indented along the same direction, 
depending on the azimuthal angle. While the relative contributions are unknown, the 
difference in hardness could be attributed to a combination of Mg
2+
 solid-solution 
strengthening, occluded macromolecules, residual defects from the formation process, 
and fracture. These results suggest that single-crystal geologic refererence materials are a 
poor analogue for the inorganic constituents in biomineralized tissues. Therefore the 
actual properties of these building blocks, including anisotropy, should be accounted for 
in models of tissue properties and function. 
The range of hardness values in our study spans approximately 45% of the 
reported variation in hardness values for all forms of calcite. A significant fraction of the 
previously reported variation, therefore, can be accurately attributed to anisotropy and the 
four strengthening mechanisms discussed here. Differences in composition and structure 
in biogenic calcite occur with genera, species, environmental conditions where the calcite 
was formed, age of individual specimens, and anatomic location of the sample,
6, 9
 and 
may account for the remaining variations. Further work, therefore, is needed to fully 
understand the variations in mechanical properties of biogenic single crystals. Insights 
gained from the current work can provide design strategies for generating synthetic 
materials from single crystals with tailored mechanical properties. 
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 CHAPTER 3 
3 THE EFFECT OF MAGNESIUM SUBSTITUTION ON THE HARDNESS OF 
SYNTHETIC AND BIOGENIC CALCITE
 * 
3.1 Abstract 
Biogenic minerals often contain inorganic and organic impurities that are believed 
to harden and toughen the material. However, because of the complexity of these 
systems, it is difficult to deconvolute the effect of each of these impurities on the 
hardness of the material. We have created single-crystal samples with a range of 
magnesium concentrations and measured their hardness while controlling for orientation. 
We find that hardness increases linearly with magnesium content and that magnesium 
impurities could account for ~20% of the increased hardness in biogenic calcite from the 
mollusk Atrina rigida when compared to pure geologic calcite. 
3.2 Introduction 
Many organisms synthesize amazingly hard and tough functional materials by 
combining inorganic minerals with organic macromolecules in complex, hierarchical 
structures.
1
 For example, sea urchin teeth, which contain high-magnesium content 
polycrystalline calcite (CaCO3) embedded in a protein-based matrix, are hard and tough 
enough to grind limestone rocks.
2
 Although biogenic calcite has been reported to be 
harder than geologic calcite,
3-8 
the reasons for the increased hardness are not well 
understood. Changes in hardness have been speculated to arise from differences in 
magnesium
3-5, 7, 8
 and organic macromolecule content,
4, 6, 7, 9
 as well as microstructural 
                                                 
*
 Portions reproduced with permission from M. E. Kunitake, S. P. Baker, L. A. Estroff, MRS 
Communications,  2013, 2 (3), 113-116. Copyright 2012 Materials Research Society 
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features including crystallographic texture,
4, 6
 crystallite size,
10
 and inorganic to organic 
ratio.
3
 However, it is not possible to quantify the relative importance of these 
compositional and microstructural differences from the existing data, because multiple 
parameters vary simultaneously between hardness measurements of different biologic 
systems and even within measurements of a single system.
5, 8
  
In previous work,
4
 we showed that the hardness of single crystal calcite is 
sensitive to the orientation of the crystal (both the crystal face indented and the azimuthal 
angle of the indenter with respect to that face), and that the combination of the 
mechanisms listed above leads to a hardness for single crystal calcite from the outer shell 
of the mollusk Atrina rigida that is as much as 70% greater than the hardness of a 
relatively pure geologic single crystal calcite, Iceland spar (at the same orientation). To 
provide more detailed insight into the effect of magnesium incorporation on the hardness 
of single crystal calcite, we have produced synthetic samples with excellent control of 
both composition and microstructure, and investigated their mechanical properties using 
nanoindentation.  
3.3 Experimental Design 
We created samples with a range of Mg-concentrations by epitaxially 
overgrowing synthetic calcite seed crystals with a layer of calcite that contains a gradient 
in magnesium concentration. The equilibrium solubility of Mg in calcite is about 1 at%.
11
 
To create a gradient in Mg-concentration, a fixed volume solution of 1 mM:5 mM Mg:Ca 
is used.
12
 As the thermodynamically favorable calcite is deposited, the ratio of 
magnesium to calcium ions remaining in solution increases, leading to increased 
magnesium incorporation in the overgrowth with time. 
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As seed crystals, we chose to use calcite grown in a 1 w/v% agarose hydrogel, 
which yields samples with uniform size and shape.
13
 To orient the seed crystals with their 
c axis perpendicular to the substrate, an array of ~50 m deep impressions were made in 
a 1/16
th
 inch thick aluminum sheet (Figure 3.1a) using a home-built cubic zirconia 
indenter ground and polished to the shape of a calcite rhombohedron, generating an array 
of oriented sockets for the seed crystals. A single ~75 m calcite seed was then carefully 
placed into each impression, letting gravity orient it such that the c axis was aligned with 
the indentation axis (Figure 3.1b). Using a solution of 1 mM MgCl2 and 5 mM CaCl2,
14
 
we then epitaxially overgrew the seed crystals by gas diffusion of NH4(CO3)2 leading to 
an ~20 m thick overgrowth of Mg-containing calcite (Figure 3.1c). After 10 days of 
overgrowth, the crystals were rinsed and dried, and cyanoacrylate resin was poured over 
the top to encapsulate the crystals. The seed crystals with Mg-containing calcite 
overgrowth were then polished to expose the {001} face for measurement (Figure 3.1d 
and Figure 3.2). 
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Figure 3.1 Profile (schematic) and top (a-c: light and, d: electron microscope images) 
views of experimental setup. (a) Array of impressions in Al substrate made to hold seed 
crystals with their c axis perpendicular to the substrate. (b) Seed crystal in impression. (c) 
Seed crystal with Mg-containing calcite overgrowth. (d) Secondary electron (SE) image 
of polished cross-section of crystal embedded within cyanoacrylate resin with black line 
overlay showing outline of seed crystal. Key: Gray: Al substrate; Black: calcite seed 
crystal; Red: Mg-containing calcite overgrowth; Blue: cyanoacrylate embedding resin. 
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Figure 3.2 Surface topography of seed calcite crystal and magnesium-containing 
overgrowth as scanned by nanoindenter tip prior to indentation. The arrows indicate the 
interface between seed crystal and overgrowth. 
We then used wavelength dispersive spectroscopy (WDS) to measure the 
magnesium and calcium content in the overgrowth region for five different synthetic 
crystals (Figure 3.3a). The WDS data showed that the magnesium concentration was 
fairly uniform parallel to the growth front (Figure 3.4), and increased at a non-linear rate 
as a function of distance from the seed crystal-overgrowth interface (Figure 3.3c). We 
also measured the Mg-content in Iceland spar and Atrina rigida to be 0.225 ± 0.044 at% 
(n=32) and 0.80 ± 0.11 at% (n=48), respectively.  
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Figure 3.3 (a) SEM image with overlay of blue circles showing location of WDS 
magnesium and calcium measurements (5 µm spot size). (b) SEM image with triangle 
array overlay showing location of nanoindentation measurements for 0° (open black) and 
60° (filled red) orientations for 1 of 5 crystals. (c) Mg-content as a function of distance 
from outer edge of crystals. Dotted line indicates approximate interface between seed-
crystal and overgrowth region. For a diopside (MgCaSi2O6) standard, the Mg-content was 
11.0 at% and the standard deviation as measured by counts per second was ± 1.7 at%. (d) 
Hardness as a function of Mg-content in overgrowth region. Triangles represent 0° (open 
black) and 60° (filled red) azimuthal angles while correspondingly colored circles 
represent the reference geologic values. For a standard fused silica sample, the hardness 
was 9.10 ± 0.15 GPa (n=4).  Plots in (c) and (d) are compilations of data from 5 different 
crystals. 
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Figure 3.4 (a) Graphical representation of WDS magnesium data, with each square 
representing a 5 µm spot. The Mg-free seed crystal (light purple) is clearly seen in the 
center, surrounded by growth-bands of equal Mg-content. (b) SEM image taken with in-
lens detector showing location of WDS measurements. 
We used nanoindentation to measure the hardness and plane strain indentation 
modulus
15
 of the polished faces at two different azimuthal angles in the same five crystals 
(Figure 3.3b). The resulting indentations were ~200 nm deep. Surface topography scans 
were performed with the indenter tip before and after indenting. These scans are sensitive 
enough to detect differences in polishing between the seed crystal and the overgrowth 
region (Figure 3.2). To avoid any influence from the seed crystal or the sample edges, we 
included only indentations that were more than 2 m away from these interfaces. 
Hardness as a function of magnesium concentration was determined by using the 
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distance from the overgrowth surface as a common parameter (Figure 3.3d). Hardness 
increases with increasing Mg content. Both 0° and 60° azimuthal orientations approach 
the values of geologic calcite with decreasing magnesium content, confirming the 
accuracy of this method. The indentation modulus of the overgrowth regions was similar 
to geologic calcite and consistent with DFT calculations
16
 for small changes in 
composition (Figure 3.5). 
 
Figure 3.5 Plane strain indentation modulus,
4, 17
 as a function of Mg-content in 
overgrowth region. Triangles represent 0° (open black) and 60° (filled red) azimuthal 
angles while correspondingly colored circles represent the reference geologic values. For 
a standard fused silica sample, the plane strain indentation modulus was 74.95 ± 1.25 
GPa (n=4). 
We assume the mechanism by which magnesium hardens calcite is solid solution 
hardening. X-ray diffraction,
18
 computational studies,
16, 19
 experimental phase diagrams,
11
 
TEM,
20, 21
 AFM,
22
 and cathodoluminescence
23
 all show that magnesium is incorporated 
substitutionally into the calcite lattice at low concentrations, ≤1 at%. Since magnesium is 
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a smaller cation than calcium, it is expected to create lattice distortions (a stress field)
16, 19
 
that would hinder dislocation motion and increase the hardness. Theories for 
substitutional impurity strengthening suggest that the yield strength of single crystal 
metals follows a square root dependence
24
 and it has been proposed that a similar 
relationship holds for ionic single crystals.
25
 Therefore, we might expect a similar 
functional form for our hardness. We fit both linear and square root dependences to our 
data, but there was no difference in the quality of fit. In an attempt to extend our data set, 
we tried using a higher magnesium to calcium ratio (5 mM:5 mM) for the overgrowth 
solution.
26, 27
 However, the overgrowth, while epitaxial, was no longer smooth and well-
defined, leading to difficulties in correlating hardness with magnesium content. Thus, our 
experiments were constrained to equilibrium magnesium contents of <1 at%. 
Given the relationship shown in Figure 3.3d, it is possible to evaluate the effect of 
magnesium in previous reports of the increased hardness of biogenic calcite. To a first 
order approximation, we have assumed that the effect of magnesium on the hardness of 
calcite may be separated out from the contributions due to other impurities (e.g., 
biomacromolecules and microstructural features found in biogenic calcite. For calcite 
crystals (with 0.8 at% Mg) from the mollusk, Atrina rigida, we reported a hardness 
between 3.5 and 4.2 GPa for the {001} plane depending on azimuthal angle.
4
 From 
Figure 3.3d, a 0.84 at% Mg-containing calcite crystal has a hardness of 2.4 to 2.9 GPa. 
Therefore, assuming strengthening mechanisms in biogenic calcite are independent of 
each other, approximately 20% of the increased hardness found in calcite prisms from 
Atrina rigida could come from magnesium content. In another organism, the brachiopod 
Megerlia truncata, the magnesium content of the primary and secondary layer has been 
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reported to range from 0.2 to 0.9%
8
 and therefore all of the increased hardness of the 
dorsal valve, which has been measured at 2.85 ± 0.41 GPa, could come from magnesium 
solid solution hardening.
10
  
Other species produce supersaturated solid-solution Mg-containing calcites (>1 
at%). For example, the spines from the sea urchin Paracentrotus lividus are comprised of 
calcite containing 3 to 5% magnesium in solid solution and the nanoindentation hardness 
on the {001} plane in the septa has been found to range from 3.6 to 4.1 GPa.
5
 If we 
extrapolate from our data to the magnesium concentrations found in the sea urchin septa, 
it is possible that magnesium impurities could account for the increased hardness.  
3.4 Conclusions  
In summary, we have quantitatively determined the effect of magnesium 
incorporation on the hardness of calcite. Our results show that magnesium incorporation 
plays a significant role in hardening calcite, even at relatively low magnesium 
concentrations (in the equilibrium solid solubility regime < 1 at%). The results are 
consistent with a solid solution strengthening mechanism. A significant fraction of the 
hardness of several biogenic calcites, compared with a nearly pure geologic reference, 
can be attributed to magnesium impurities. To elucidate other hardening mechanisms in 
biogenic calcites, a similar approach, in which synthetic samples with well-controlled 
composition and microstructure are prepared and tested (e.g., calcite with incorporated 
organic macromolecules), can be used.  
3.5 Materials and Methods 
Geologic calcite specimen preparation: An optically clear geologic calcite 
rhombohedron (1-2 cm in length) was polished to expose the (001) plane (Iceland spar, 
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Carolina Biological Supplies GEO3429B). The sample was first manually polished by 
hand on a 30 m aluminum oxide lapping film until ~1 cm2 of both the (001) and (00-1) 
planes were exposed. Rough adjustments to the crystallographic orientation were made 
by polishing both {001} faces of the crystal until the vertex of each corner of the exposed 
surfaces were within a few degrees of an equilateral triangle as measured on a rotating 
microscope stage. Fine adjustments were then made by using a conoscope and centering 
the interference pattern or isogyre. The interference pattern was viewed with a Leica DM 
EP polarizing microscope set up as a conoscope by removing the eyepiece (Figure 3.6). 
We were able to orient the c axis to within ~1° of the surface normal using this technique.  
The crystal was then fixed with a cyanoacrylate resin (instant Krazy Glue, Elmers) to a 
glass microscope slide and the exposed (001) face was polished with a graded set of 
aluminum oxide lapping films followed by a final polish with a 50 nm Al2O3 powder 
(Buehler micropolish Al2O3) suspended in a water and 2-methyl-2,4-pentanediol mix 
(Green Lube, Allied High Tech).
4
 
 
Figure 3.6 Experimental setup used during polishing to orient a geologic calcite crystal. 
Interference pattern (inset) is centered when the optical axis (c axis) is vertical. The field 
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of view is ~8°. The red arrow points to the geologic crystal , visible at the bottom of the 
image beneath the microscope objective. 
Magnesium-containing calcite specimen preparation: A gradient of magnesium 
content in calcite was epitaxially overgrown on seed crystals, which were oriented by 
gravity to rest in aluminum impressions such that the c axis of the crystals was normal to 
the surface.  
Substrate preparation: An array of impressions ~60 m deep were made in 1/16 
inch thick marine corrosion resistant aluminum 5052 (Speedy Metals) by using a home-
built indenter that mimicked the morphology of the calcite rhombohedron. The home-
built cubic zirconia indenter was polished using an Imahashi crystal polisher (Faceting 
Unit Model FAC-8) to orient the cubic zirconia at the desired angles and polished with a 
graded set of aluminum oxide lapping films. The crystal polisher is accurate to within 1° 
and it is estimated from light microscopy that the radius of curvature of the tip of the 
cubic zirconia was ~3 m (Figure 3.7). The polished crystal was then attached 
perpendicularly to the knife mount of a Sorvall MT 2B ultramicrotome and the manual 
stepper of the microtome was used to press the cubic zirconia indenter into the aluminum 
substrate. A 4 by 11 array of impressions with 300 m spacing was made, using the 
microtome’s stage micrometers to reposition the indenter between impressions. 
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Figure 3.7 Optical microscope image of home-built cubic zirconia indenter, polished to 
be geometrically similar to a calcite rhombohedron. The indenter is used to make oriented 
impressions in aluminum that then hold the seed crystals. 
 
Seed crystal growth: The seed crystals were grown in agarose gels according to 
our previously published procedure.
13
 Briefly, CO2 gas (from the sublimation of 
ammonium carbonate) was diffused into a hydrogel containing 1 w/v % agarose (Type 
IB; Sigma) and 5 mM CaCl2. After overnight growth, the crystals were extracted by 
melting the hydrogel in boiling water until the crystals settled to the bottom of the 
container. The supernatant was then decanted and the crystals rinsed once with water and 
once with ethanol. This growth method creates relatively large (~75 m on edge) and 
uniform seed crystals that are large enough to be manipulated under a dissecting 
microscope.  
Mg-containing calcite overgrowth: The aluminum specimen holder was placed in 
a 15 mm petri dish with 3 mL of a solution of 1 mM MgCl2 (MgCl2•6H2O; Sigma 
Aldrich 99%) and 5 mM CaCl2 (CaCl2•H2O; Strem Chemicals 99.999%). Approximately 
50 to 100 seed crystals were placed on top of the aluminum specimen holder. The crystals 
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were then manually pushed into the impressions using a glass fiber ~50 m in diameter 
that was drawn by hand from a pipette. Gravity aligns the crystals in the impressions once 
they are close to the right orientation. Using the ammonium carbonate diffusion method, 
the seed crystals were then overgrown for 10 days to ensure adequate overgrowth and 
sufficient binding to the substrate. After overgrowth, the crystals were gently rinsed with 
DI water followed by ethanol to ensure their binding to the substrate and to clean the 
surface. Cyanoacrylate resin (instant Krazy Glue, Elmers) was then poured over the top 
of the array to embed the crystals. We then polished through the resin to expose the seed 
crystals and magnesium-containing calcite overgrowth using a graded set of aluminum 
oxide lapping films ending with a 50 nm Al2O3 powder (Buehler micropolish Al2O3) 
suspended in a water and 2-methyl-2,4-pentanediol mix (Green Lube, Allied High 
Tech).
4
 Surface roughness as measured by the nanoindenter surface scan was less than 10 
nm RMS (Figure 3.2). 
Nanoindentation: Load-displacement measurements were performed using a 
commercial nanoindenter system (Hysitron Triboindenter, Minneapolis, MN) in 
quasistatic mode. Prior to data collection, the tip shape of a Berkovich diamond indenter 
with a tip radius of ~120 nm was calibrated using the procedure of Oliver and Pharr.
15
 
Each indent consisted of five second load, hold and unload segments with the unloading 
segment used to calculate the plane strain indentation modulus and hardness via the 
method of Oliver and Pharr.
28
 A 5 by 5 array of indents with 10 µm spacing was made in 
the overgrowth region of each crystal at 0° and 60° azimuthal angles (where we define 
the azimuthal angle to be 0° when the faces of the Berkovich tip, the {001} surface, and 
the adjacent {104} facets share common zone axes).
4
 A total of 5 crystals were 
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examined.  
Wavelength Dispersive Spectroscopy (WDS): WDS measurements were done after 
nanoindentation to ensure any surface damage induced by WDS was not reflected in the 
hardness measurements. WDS measurements were done using a JEOL 8900 microprobe 
with a 5 m spot size, 6.5 nA current, 10 kV accelerating voltage, and 30 second 
acquisition time. The samples were coated in a thermal evaporator with ~25 nm of 
amorphous carbon to reduce charging. Magnesium and calcium content were calibrated 
against diopside (MgCaSi2O8) and calcite standards, respectively. An ~10 by 15 array of 
measurements with ~5 m spacing was used for each crystal.  WDS data were collected 
from the same 5 crystals that were used to determine hardness. For Atrina rigida (Gulf 
Specimen Marine Lab, Florida) and the geologic sample (Iceland spar), magnesium 
content was determined at 48 points in 43 prisms and at 32 points in one geologic single 
crystal, respectively. 
Scanning Electron Microscopy (SEM): A scanning electron microscope (LEO 
1550 FESEM) was used to characterize the location of the indentation and WDS 
measurements. Using the secondary electron detector, it was possible to see the location 
of the indents. Using the in-lens detector, which captures both backscattered and 
secondary electrons, we were able to see the location of the WDS imprints (Figure 3.4b).  
Correlation of WDS and nanoindentation measurements:  We then pieced 
together higher magnification images and measured the distance between the edge of the 
crystal and the center of the indents or WDS imprints from the images. We then fit a third 
order polynomial to the cumulative WDS data and used this polynomial to determine the 
magnesium content at the nanoindentation locations. 
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CHAPTER 4 
4 THE EFFECTS OF AMINO ACID ADDITIVES ON THE HARDNESS OF 
SYNTHETIC CALCITE
d
 
4.1 Introduction 
We would like to understand why biogenic calcite is harder and tougher than 
geologic calcite
1-5
 and to rationally design synthetic analogs. It is known that biogenic 
calcite often contains additives
6-14
 and microstructural variations
15-21
 not found in 
geologic calcite in the form of Iceland Spar, and these differences have been proposed as 
reasons for the increased hardness and toughness of biogenic calcite.
6-10, 22, 23
 However, it 
is not known what role each of these individual additives and microstructural variations 
have in strengthening calcite nor whether some additives might be more effective than 
others at altering the mechanical properties of calcite. For example, calcite prisms from 
the mollusk Atrina rigida are harder than geologic calcite
6
 and contain additives 
including Mg
2+
 ions, acidic proteins and polymer fibers;
12, 24, 25
 what contribution do each 
of these additives provide to the increased hardness of biogenic calcite?  In chapter 3, we 
examined the effect of Mg
2+
 substitution on the hardness and modulus of calcite. In 
chapter 5, we will look at the effect of nanometer sized polysaccharide fibers. In this 
chapter, we quantify the effect of small molecules on the hardness and modulus of calcite 
to enable a better understanding of how organic small molecule additives strengthen 
calcite and why biogenic materials are harder than their geologic counterparts.  
                                                 
a
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Small molecules also provide a means to examine the effects of additive size, 
structure, and chemistry on the mechanical properties of calcite. In ionic and metallic 
single crystals, the size-, charge-, and modulus mismatch between a substitutional 
impurity and lattice atoms affects the mechanical properties of the composite. Does the 
bond structure of a small molecule additive or the strength of interaction of an additive 
with the calcite lattice affect the hardness of single crystal biogenic and synthetic calcite? 
Small molecule additives, including amino acids, have stereospecific bonds and 
functional groups with different isoelectric points and have been shown to affect the 
nucleation rate-,
26
 crystallographic orientation-,
27, 28
 and morphology of calcite 
28, 30-36, 38-
46
 grown from solution and to selectively nucleate polymorphs of calcium carbonate
26-37
. 
These changes are believed to be due to the interaction of small molecules with the 
growing crystallographic surface. The molecular crystal literature has many examples of 
molecular additives substitutionally replacing a host molecule
47, 48
 in a molecular crystal; 
if small molecules are likewise substitutionally incorporated into the calcite lattice we 
would expect a correlation between hardness and additive size, structure or chemistry.  
In this chapter, we examine the effect of the amino acids L-aspartic acid (Asp), 
glycine (Gly) and L-cysteine (Cys) (Figure 4.1) on the hardness and modulus of calcite. 
Amino acids have been extensively studied as growth modifiers for calcite, in particular 
because of their relationship to proteins.
30, 46, 49
 In situ atomic force microscopy has been 
used to show that anionic amino acids could stereospecifically interact with hillocks on a 
growing calcite crystal surface, but evidence of incorporation was not found.
41, 42
 It was 
suggested that the aspartic acid modifies the growth morphology by affecting the stability 
of the growing surface. More recently, high resolution x-ray diffraction data have shown 
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a normalized lattice strain that depends on the choice of amino acid impurity,
50
 which 
suggests that amino acids are incorporated into the lattice substitutionally. An analogous 
hypothetical substitution for the case of an amino acid in calcite is shown in Figure 4.2. 
 
Figure 4.1 Chemical structures of three amino acids that were added to the calcite growth 
solution, and subsequently incorporated into the calcite crystals. Concentrations of amino 
acid in the growth solution ranged from 0.005 mM to 50 mM. 
 
Figure 4.2 Hypothetical schematic of the substitutional mode of incorporation of an 
amino acid in the calcite lattice. The substitutional additive resides in registry with the 
calcite lattice, with the carboxylate group of the amino acid substitutionally replacing a 
CO3
2-
 in calcite and the amino end replacing a calcium cation. 
We use depth sensing nanoindentation to measure the effect of amino acid 
additives on mechanical properties. Since hardness is a measure of a material’s resistance 
to permanent deformation, measurements can tell us about the strength of the interaction 
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of a dislocation with an impurity. Additives create barriers to dislocation motion, 
increasing hardness. In the case of atomic substitutions, this stress field can result from a 
size,
51-53
 modulus,
51
 or charge mismatch
52, 53
 with a larger mismatch leading to a higher 
hardness. At the multiple unit cell length scale, a second phase impurity can also 
strengthen a material by a size or modulus mismatch with a coherent or incoherent 
particle. However, the energetics of the second phase itself must also be considered due 
to creation of internal defects and altered surface free energy if a dislocation passes 
through the second phase. Finally, second phase particles can also act as nucleation 
centers for dislocations, which can then interact with other dislocations on different slip 
planes, increasing the rate of work hardening.
54-57
 We hope to examine whether a size or 
charge mismatch influences the hardness of calcite. 
 
4.2 Experimental 
Crystal Growth: Calcite single crystals containing a range of amino acid 
concentrations were grown by Dr. Yi Yeoun Kim at the University of Leeds, and sent to 
Cornell for hardness and modulus testing. Analytic grade (Sigma Aldrich) L-aspartic 
acid, glycine and L-cysteine (Figure 4.1), calcium chloride dihydrate and ammonium 
carbonate were used as starting materials without further purification.  
To grow the single crystals, amino acids were mixed with calcium chloride 
dihydrate to prepare a 40 mL mixed solution containing 0.005 – 50 mM amino acid and 
10 mM calcium. The mixed solution was then transferred to a 90 mm petri dish 
containing three Piranha-solution-cleaned glass slides and calcium carbonate precipitated 
by the ammonium carbonate diffusion method. All petri dishes were covered with 
 78 
parafilm pierced with four holes and placed in a dessicator containing five grams of 
freshly crushed ammonium carbonate powder. Crystallization proceeded for two days, 
resulting in crystals that typically measured 20 to 60 m on edge (Figure 4.3). The glass 
slides were then removed, rinsed with deionized water, rinsed with ethanol and finally air 
dried. All amino acid doped calcite samples had optically perfect rhombohedral 
morphology except for the Asp series grown in solutions greater than 5 mM Asp. 
Crystals grown at 5 mM Asp, exhibited slightly roughened {104} faces (Figure 4.3b 
inset) and crystals grown at 50 mM Asp were no longer rhombohedral (Figure 4.3c inset). 
Therefore, the maximum aspartic acid concentration tested by nanoindentation was 20 
mM to avoid the possibility of accidentally indenting a spherical CaCO3 polymorph 
instead of a polished calcite crystal with rounded edges. 
Sample Preparation: Cyanoacrylate resin (Krazy Glue®) was poured over the top 
of the glass slides to encapsulate the randomly oriented crystals and then allowed to set 
overnight. The glue and crystals were polished by graded Al2O3 lapping films and a final 
50 nm Al2O3 powder (Buehler micropolish Al2O3) suspended in a water and 2-methyl-
2,4-pentanediol mix (Green Lube, Allied High Tech). The glue and crystals were 
polished until the randomly oriented crystals were exposed for nanoindentation (Figure 
4.4). The surface roughness following this protocol was less than 10 nm RMS. 
Quantification of Amino Acid Content: Crystals from the same synthesis batches 
that were measured for hardness were also sent to York University, where the actual 
amino acid content incorporated within the synthetic calcite was measured using high 
performance liquid chromatograpy (HPLC). 
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Figure 4.3 Optical micrographs of calcite crystals grown in 10 mM calcium solutions 
containing 1, 5 or 50 mM of amino acid (left to right). (a-c) Aspartic acid. (d-f) Glycine. 
(g-i) Cysteine. Inset in b shows roughening of {104} faces at 5 mM aspartic acid 
concentration and inset in c shows curved faces at 50 mM aspartic acid concentration. 
Scale bar in (a) is for all panels (a-i) and scale bar in the inset of (b) is also for inset in 
(c). Both scale bars are 100 m.  
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Figure 4.4 Scanning electron micrographs (a, b). Embedded calcite crystals grown in 1 
mM aspartic acid and polished to expose crystal surfaces for nanoindentation. (c). 
Representative indent in calcite crystal with 2500 N load. Surface roughnesses were less 
than 10 nm RMS as determined by nanoindenter surface scan. 
 
Nanoindentation: Load-displacement measurements were performed using a 
Berkovich (~120 nm tip radius) diamond indenter on a commercial nanoindenter system 
(Hysitron Triboindenter) in quasistatic mode. Prior to data collection, the shape of the tip 
was calibrated using the method of Oliver and Pharr.
58
 Each indent consisted of five 
second load, hold, and unload segments with a maximum 2500 N load, resulting in 
~200 nm deep indents, with the unloading segment used to calculate the indentation 
modulus and hardness.
58
 The maximum load was chosen to create an indentation which 
was large enough to sample a homogeneous volume and minimize the effects of surface 
roughness, while allowing multiple indents per sample. Surface topography scans were 
performed with the indenter tip before and after indenting to ensure indentations were 
located at least 5 m away from any edges.  Each single crystal was measured in four to 
ten locations depending on size constraints, and five to eight different crystals were 
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measured for each amino acid concentration. This sampling density led to a minimum of 
28 indents per amino acid concentration.  
 The hardness and modulus of calcite is dependent on crystallographic orientation 
and therefore, as discussed in Chapter 2, it is important to control for this variable when 
possible.
6, 59, 60
 However, the as-grown synthetic crystals, for all amino acids tested, show 
a range of crystallographic growth orientations (Figure 3). Therefore, when the crystals 
were embedded in cyanoacrylate glue and polished to expose an indentation surface, we 
did not control for the orientation of the exposed indentation plane nor for the azimuthal 
angle of the indenter tip relative to the crystal. The data presented thus include variations 
in both hardness and modulus due to variations in crystallographic orientation.  
 
4.3 Results 
The hardness of calcite increases with the mole fraction of amino acid 
incorporated in the crystal (Figure 4.5) and also increases with the concentration of amino 
acids present in the growth solution (Figure 4.6). We present Figure 4.6 for completeness 
because only a subset of the samples that were tested for hardness were measured for 
amino acid content using HPLC.  For all materials, the lowest hardnesses were found 
near the lowest impurity growth concentration and were similar to the values measured 
for geologic Iceland spar (2.3 to 2.5 GPa).
6
 The highest hardnesses were found at the 
highest impurity growth concentrations and were similar to the values measured for 
calcite prisms from Atrina rigida (Chapter 2) (3.4 to 4.2 GPa).
6
  Calcite crystals grown 
with aspartic acid had the largest hardness range from 2.3 to 4.1 GPa while those crystals 
grown with glycine and cysteine ranged from 2.4 to 3.4 GPa.   
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Figure 4.5 Graph of hardness versus amino acid mole fraction for aspartic acid (blue 
diamond) and glycine (green triangle). Molecular fraction measured by HPLC. Each data 
point represents the average of a minimum of 28 hardness measurements on at least five 
randomly oriented crystals.   
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Figure 4.6 Graph of hardness versus concentration of amino acid in the growth solution 
for aspartic acid (blue diamond), glycine (green triangle) and cysteine (red square). Each 
data point represents the average of a minimum of 28, 39 and 42 hardness measurements 
on at least five randomly oriented crystals for Asp, Gly and Cys. Error bars represent one 
standard deviation.   
 
In contrast to the hardness, the indentation modulus values (Figure 4.7), were 
similar for all amino acids tested and for all concentrations tested. Please see Chapter 1 
for more discussion about the indentation modulus. The modulus values were up to 30% 
lower than the values measured for the average of the {001} and {104} faces of pure, 
geologic Iceland spar. Some of the lower modulus values may be due to additional 
compliance when measuring the smaller synthetic crystals. The synthetic crystals may not 
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have been firmly adhered to the glass substrate or the nucleating face may not have been 
smooth. Additional compliance during measurement is expected to affect modulus more 
than hardness and is consistent with the fact that the hardness at low concentrations for 
each additive sample was close to the pure geologic reference. We attribute the greater 
variation in the modulus of synthetic samples to the anisotropy of calcite as each amino 
acid data point is an average of at least five crystallographic orientations while the 
standard deviation of geologic calcite contains only data from when each face is taken 
individually. The average modulus for all samples from each amino acid set was 
comparable (Figure 4.7). 
 
Figure 4.7 Graph of plane strain indentation modulus vs. concentration of the amino acid 
in the growth solution for aspartic acid (blue diamond), glycine (green triangle), cysteine 
(red square) and geologic Iceland spar (black circle).   
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Crystals were also sent for x-ray diffraction measurements at the European 
Synchrotron Radiation Facility (ESRF), where the lattice strain (c/c) associated with the 
additives was quantified. All three amino acids seem to fit on a master curve of hardness 
versus c-axis lattice strain. The hardening effect is non-linear and appears to be 
independent of the choice of amino acid (Figure 4.8).  
 
Figure 4.8 Graph of hardness versus c axis strain for aspartic acid (blue diamond), 
glycine (green triangle), and cysteine (red square). Each data point represents the average 
of a minimum of 28 hardness measurements on at least five randomly oriented crystals. 
Although the hardness is correlated with c-axis strain, a homogenous or global 
shift in lattice parameter, such as that measured by a peak shift in x-ray diffraction, 
should not directly affect hardness. However, additive concentration affects hardness, and 
the global lattice strain is related to additive concentration. Thus the relationship shown 
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in Figure 4.8  may show a correlation between hardness and c-axis lattice strain. 
Although it is well known that the magnitude of the local strain created by an impurity is 
related to its stress field and hardening ability,
61
 there is no reason to believe that the 
local strain fields around the molecules should change to increase the hardness. 
 
4.4 Discussion 
The increased hardness of biogenic calcite single crystals when compared with 
Iceland spar has been attributed to differences in magnesium
6-10
 and organic 
macromolecule content,
6, 9, 22, 23
 as well as microstructural features including 
crystallographic texture,
6, 22
 crystallite size,
62
 and inorganic to organic ratio.
7
 This work 
shows that by only using small molecule amino acid additives, it is possible to 
synthetically increase the hardness of calcite to levels found in some biogenic calcites.
6, 62
 
While additive size may play a role in the rate of hardening calcite, it is not the 
only factor. Comparing the effectiveness of amino acids with magnesium substitutionals 
(data adapted from chapter 3), amino acids are 3 to 5 times more effective at hardening 
calcite for a given mole fraction when compared to the magnesium substitutional 
additives (Figure 4.9). However, Figure 4.9 also shows that between amino acids, the 
larger aspartic acid has an equivalent hardening rate to the smaller glycine.  
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Figure 4.9 Graph of hardness versus additive mole fraction for aspartic acid (blue 
diamond), glycine (green triangle), and magnesium (circle). The magnesium data is from 
Chapter 3. Each data point for the amino acids represents the average of a minimum of 28 
hardness measurements on at least five randomly oriented crystals while the magnesium 
data is as collected. Amino acid content was measured by HPLC while magnesium 
content was measured by WDS.  
The net ionic charge associated with the amino acid additive might also be 
expected to create different stress fields within the calcite lattice and result in different 
hardening rates for the three amino acids. However, Figure 4.5 demonstrates that both 
glycine and aspartic acid have similar effects on hardness with additive content. The 
isoelectric points of aspartic acid (pI = 2.94), cysteine (pI = 5.01), and glycine (pI = 
6.07),
63
 suggest that although the partitioning of charge between crystal and additive is 
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undetermined,  aspartic acid within the crystal would be expected to have a greater 
negative charge than cysteine or glycine. Therefore, the three amino acids might be 
expected to have different net valences within the crystal, and different hardening rates, 
possibly similar to the difference in rates between divalent and monovalent substitutions 
found in NaCl.
64-66
 It is therefore surprising that glycine and aspartic acid have similar 
effects on hardness with additive content.  
Given the relationship shown in Figure 4.5, it is tempting to try to quantify the 
hardening effect of aspartic and glycine rich proteins, as well as organic impurities found 
in previous reports of the increased hardness of Atrina rigida. In the case of Atrina 
rigida, previous reports showed the organic intra-crystalline content contained 0.28 wt% 
insoluble and 0.085 wt% soluble proteins,
12
 and an undetermined amount of chitin.  
However, the seminal investigation of the prismatic layer of Atrina rigida did not 
consider the presence of small molecules in the intra-crystalline matrix, and used a 3500 
MW dialysis cutoff to separate out organic additives.
12
 Thus, attempting to quantify the 
effect of organic content using the relationship determined in Figure 4.9, would be 
speculative as the true organic intra-crystalline content is still unknown. However, TGA 
has shown a decomposition weight loss greater than 8% (Appendix Figure A2.1 ) 
suggesting that the intra-crystalline organic content may be significant. 
 
4.5 Conclusions 
The data presented in this chapter demonstrates that small molecule additives 
could be responsible for a large portion of the increased hardness of biogenic calcites. At 
their highest concentrations, small molecules can increase the hardness of synthetic 
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calcite to equal that of biogenic calcite from the mollusk Atrina rigida. The results 
emphasize the importance of small molecules in addition to substitutional impurities and 
large biomacromolecules, in determining the mechanical properties of inorganic single 
crystals. 
Without further information about how the amino acid molecules are incorporated 
into the calcite lattice, it is impossible to attribute specific strengthening mechanisms to 
substitutional small molecule additives. For example, while the amino acids are more 
effective than the smaller magnesium ion at hardening calcite, glycine is just as effective 
as the larger aspartic acid. Without knowing if glycine replaces the same calcite atoms as 
an aspartic acid, it is not possible to know if a strengthening mechanism exists due to a 
size mismatch. Furthermore, glycine and aspartic acids have different isoelectric points 
yet similar strengthening rates. Without knowing if glycine and aspartic acid replace the 
same ionic charges within calcite, it is not possible to know if a strengthening mechanism 
exists due to a charge mismatch. More information is needed to determine the local strain 
surrounding these additives in order to be able to determine the strengthening 
mechanisms. Atomic probe microscopy, solid state NMR and near edge x-ray absorption 
fine spectra should be capable of distinguishing the chemistry of the amino acids and 
whether they are aggregated in the crystal, or reside within the crystalline lattice, helping 
to clarify the role of additive structure and chemistry on the hardness of calcite. 
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CHAPTER 5 
5 HARDNESS OF POLYMER REINFORCED CALCITE 
5.1 Introduction 
Organisms from mammals to mollusks produce a range of fiber-reinforced 
biomineral composites that have amazing functional utility.
1-4
 For example, otoconia, or 
“ear dust”, are micron-sized calcite crystals containing inter- and intra-otoconial 
filaments that transmit forces between otoconia and to our nervous system to regulate 
balance.
2, 5
 The presence of occluded polymer fibers within the single-crystal matrix of 
octoconia and other biominerals may impart improved mechanical properties to the 
inherently brittle minerals.
1, 6-8
 The effect of polymer reinforcement on the hardness and 
toughness of single-crystal biominerals, however, is not well understood because 
biogenic crystals contain additional inorganic and organic impurities and microstructural 
variations (see Chapters 2-4).
9-16
 Therefore, to isolate the role of polymer fibers in 
determining the hardness of biominerals, we have developed a gel-growth system in 
which the amount of polysaccharide fibers occluded within calcite crystals can be 
controlled.
17, 18
  
Previous work has demonstrated that calcite crystals grown in agarose hydrogels 
incorporate the gel fibers.
17, 18
 The amount of gel fibers incorporated into the crystals can 
be controlled by varying the growth conditions. High resolution ADF-STEM shows that 
the agarose fibers are incorporated as a second phase with a continuous network structure 
within the calcite lattice.
18
 At the internal interfaces, both low energy uncharged {104} 
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facets and high energy homocharged {012} facets are expressed. These interfaces are 
notable because the chemical interaction of agarose with calcite is presumed to be weak 
given the uncharged structure of agarose (Figure 5.1) and the fact that the externally 
expressed morphology consists of rhombohedral {104} facets.
18
  This mode of 
incorporation is in contrast to inorganic additives like magnesium and strontium (see 
Chapter 3), which substitutionally replace calcium cations in the calcite lattice.
19
 The 
physical interaction of agarose fibers with calcite and the associated network structure, 
may enable additional strengthening mechanisms for the calcite not possible with discrete 
inorganic or small molecule additives.
8, 20-22
  
 
 
Figure 5.1 Chemical structure of repeating unit of agarose. The average agarose polymer 
contains ~300 repeats. 
Agarose is a naturally occurring, neutral linear polysaccharide extracted from 
seaweed (algae). It has a molecular weight of ~120,000 g/mol and consists of alternating 
1,3-linked -D-galactopyranose and 1,4-linked 3,6-anhydro--L-galactopyranose (Figure 
5.1).
23-26
 When heated in water, agarose powder dissolves with the polymer chains 
forming random coils; upon cooling, these chains form water-stabilized double helices, 
which aggregate to form fibers of 10 to 10
4
 helices.
25, 27, 28
 The condensed fibers then 
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physically entangle to form a random network structure.
29
  Water remains within the 
porous network structure, and the resulting homogenous (at the macroscopic scale) 
material is called a hydrogel.   
The dimensions and spacing of agarose fibers in a hydrogel gives a measure of the 
defect density that might be found within a single crystal when these fibers are 
incorporated into the crystalline lattice. In the case of the hydrogel, average fiber 
diameters range from 2 to 30 nanometers
27-30
 with larger fibers corresponding to higher 
concentrations. With increasing gel concentration, average pore diameters of the gaps 
within the network structure decrease from 2000 nm to 55 nm
24, 27, 29-35
 and the average 
distance between neighboring fibers decreases from 600 to 130 nm (Figure 5.2).
29
 These 
two metrics of fiber spacing are slightly different because they originate from two 
different testing methods. Average pore diameter is obtained by measuring a diffusion 
rate though the gel and calculating an effective pore size (pore diameter) needed to 
restrict diffusion to the measured level. Interfiber distance is measured by microscope 
images by measuring the average distance between neighboring fibers.
e
   
                                                 
e
 One caveat to the assumption that fiber diameter increases with gel 
concentration is that Waki et al. state that the diameter and number of fiber shadows 
increases with gel concentration, yet publish a table showing that the fiber diameter 
decreases. It is uncertain whether the text or the table is correct.
27
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Figure 5.2 Summary of average agarose pore dimensions as a function of gel 
concentration with characterization method in parenthesis. Griess 1993 is an interfiber 
distance, rather than a pore diameter. Griess 1989 are data from low, medium and high 
electroendoosmosis (EEO) gels. Amsterdam 1975 pore size is a maximum 300 nm. The 
black line is an exponential curve fit to the aggregate data with equation y = 292.61x
-0.64
. 
Hardness testing by depth sensing nanoindentation is well-suited to provide 
insight into the interaction of a polymer fiber with an inorganic crystal. Hardness is a 
measure of a material’s resistance to dislocation motion or plastic deformation. Hardness 
tests can yield quantitative information about how fibers hinder dislocation motion in a 
single crystal. Additionally, measurement of variations in hardness as a function of gel 
content may be able to determine whether the hardening mechanism is similar to 
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magnesium substitutions (Chapter 3), or if the fibers play an additional role as a non-
deforming additive or fiber-reinforced composite.  
 
5.2 Experimental Design 
We developed an experimental setup that combines synthetic control over agarose 
additive content
20, 36
 with control over crystallographic orientation necessary for 
quantitative mechanical testing.
37
 Calcite single crystals, ~50 to 100 m on edge (Figure 
5.3), were grown by vapor diffusion of ammonium carbonate into gels containing 0.05 to 
1.0 w/v % agarose and 5 mM CaCl2. The calcite crystals nucleate in the gel, incorporate 
the agarose matrix during growth, and at low gel concentrations (<1 w/v%), retain their 
rhombohedral morphology. Crystals grown in agarose concentrations above 1 w/v % 
exhibited hopper or star-shaped morphologies (Figure 5.3e) and were excluded from this 
experiment because of concern that the samples would not align or be properly supported 
by the substrate. 
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Figure 5.3 Optical micrographs of calcite crystals grown by gas diffusion into 5 mM 
calcium solutions containing 0.05, 0.1, 0.25, 1.0 or 3.0 w/v % agarose gel (a-e). Scale bar 
in (d) is for all panels. 
Crystals grown in varying concentrations of agarose were extracted from the gels, 
rinsed, and individually oriented for mechanical testing on a patterned substrate (Figure 
5.4a,b). The crystals were then fixed to the substrate by an overgrowth process, and 
embedded in superglue (Figure 5.4c). Finally, the crystals were polished to expose the 
(001) faces (Figure 5.4d) and tested by nanoindentation. Further details of the procedure 
can be found in Chapter 3. 
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Figure 5.4 Schematic (side view) and light microscope images (top view) of experimental 
setup. (a) Representative array of impressions in Al substrate made to hold seed crystals 
with their c axis perpendicular to the substrate. (b) 0.05 w/v % crystals in impressions. (c) 
0.05 w/v% crystals after ~10 m overgrowth layer used to secure crystals to substrate. (d) 
0.05 w/v% crystals with overgrowth layer embedded within cyanoacrylate resin and 
polished to expose (001) face. Inset uses focal plane lighting to show surface contrast. 
Scale bar in (c) is for all panels (a-d) and scale bar in the inset of (d) is also 200 m. 
Schematic coloring: aluminum substrate (gray), calcite with agarose additive (black), 
calcite overgrowth (red), cyanoacrylate resin (blue). 
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We also measured the hardness variation due to relative rotation between indenter 
and sample, as indicated by azimuthal angle (see Chapter 2). Samples were measured in 
10 degree increments between 0 and 60 degrees, sufficient to span the symmetry of the 
Berkovich indenter and (001) face of the calcite crystal. At least 11 indents were done on 
3 crystals for all gel concentrations. A 2500 N maximum load was chosen to ensure that 
the indents were deep enough (~200 nm) to minimize surface effects and sample a 
homogeneous distribution of organic material, while small enough to enable multiple 
indents per sample.   
5.3 Results  
5.3.1 Hardness  
The hardness of calcite increases with the concentration of agarose gel in which 
the crystals were grown. The lowest hardnesses were found near the lowest agarose 
growth concentration (0.05 w/v%) and were similar to the values measured for geologic 
Iceland spar (2.3 to 2.5 GPa).
11
 The highest hardness (3.26 ± 0.11 GPa at 60° azimuthal 
angle) was found near the highest agarose growth concentration (1 w/v %). The 
hardening rate with growth concentration of agarose gel was non-linear, initially 
increasing rapidly with increasing growth concentration and then plateauing at a 
maximum from 0.25 to 1 w/v % agarose. At two and three percent agarose 
concentrations, the hardness on the {104} faces decreases as compared to the 1 w/v% 
samples (data not shown).
38
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Figure 5.5 Hardness of the (001) face of calcite as a function of the concentration of 
agarose gel in which the crystals were grown. The black square and blue diamond 
represent 0 and 60 degree azimuthal angles. The hollow symbols at 0 w/v % correspond 
to a geologic reference. Each point represents at least 11 measurements on three crystals. 
The lines are intended as guides to the eye. 
Hardness also varies with the relative rotation of the Berkovich indenter tip 
around the <001> indentation axis of the calcite crystal. Please see chapter 2 for more 
details on hardness as a function of azimuthal angle. For all concentrations tested, 
indentations at the 0 degree angle had a lower hardness than the 60 degree azimuthal 
angle. The hardening rates followed similar trends for the intermediate azimuthal angles 
from 10 to 50 degrees (Figure 5.6). 
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Figure 5.6 Hardness of the (001) face of calcite as a function of the concentration of 
agarose gel in which the crystals were grown for all tested azimuthal angles. Each point 
represents at least 11 measurements on three crystals. The hollow symbols at 0 w/v % 
correspond to a geologic reference. Error bars are not included for clarity but are similar 
to Figure 5.5. 
5.3.2 Modulus  
In contrast to the hardness, the plane strain indentation modulus values (Figure 
5.7), did not show an increasing trend for the additive concentrations that were tested. 
The values were also similar to the values measured for the {001} face of pure, geologic 
Iceland spar, as expected for synthetic samples with small impurity concentrations. 
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Figure 5.7 Plain strain indentation modulus as a function of concentration of agarose gel 
in which the crystals were grown. The 0 and 60 degree (black square and blue diamond) 
azimuthal angles are shown. The hollow symbols at 0 w/v % correspond to a geologic 
reference. Each point represents at least 11 measurements on three crystals. The lines are 
intended as guides to the eye. 
5.3.3 Fracture 
The effect of fracture on the relative hardness of the 0 and 60 degree orientations 
is visible in SEM images (Figure 5.8) that show the fracture patterns for all tested gel 
concentrations.  Consistent with the results presented in Chapter 2, all crystals tested in 
the 0 degree azimuthal orientation show fracture patterns after indentation, while there 
are no crystals in the 60 degree orientation that show residual fracture patterns. 
Additionally, the SEM images of hybrid crystals grown at 0.25 and 1.0 w/v %, show the 
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intersections of large fibers with the surface, which leads to some pitting in the surface of 
the crystal polish.  
 
Figure 5.8 SEM images of impressions left after nanoindentation tests at 2500 N. 
(a,c,e,and g) Indents at 0 degree orientation in hybrid crystals containing 0.05, 0.1, 0.25 
and 1.0 w/v % agarose respectively. (b, d, f, and h) Indents at 60 degree orientation in 
hybrid crystals containing 0.05, 0.1, 0.25 and 1.0 w/v % agarose respectively. 
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5.4 Discussion 
5.4.1 Hardening rate  
The non-linear rate of hardening with growth concentration is different than the 
linear hardening rate found for magnesium substitutionals in Chapter 3.
37
 There are 
several possible explanations for the non-linear hardening rate with growth concentration. 
One concern is that the actual agarose concentration inside the crystals is different than 
the agarose concentration in which the crystals were grown. However, thermal 
gravimetric analysis (TGA) has shown that the additive content found inside the synthetic 
calcite crystals is proportional to the gel concentration in which the crystals were grown, 
for growth conditions between 0.25 and 1.0 w/v% agarose IB.
20
 This work includes data 
from crystals grown in 0.05 and 0.1 w/v % agarose IB, but we assume that the gel 
incorporation into the crystal is also proportional to growth concentration in this range, 
and therefore, the hardening rate would be non-linear as a function of either agarose 
growth concentration, or agarose weight content inside the crystal.  
A second possible explanation for the non-linear hardening rate is that there is an 
indentation size effect that varies with concentration of the impurity. In this theory, the 
fibers act as a loose net that is easily deformable at small plastic strains, but becomes 
more rigid at high plastic strains. At low strain, the agarose fibers initially shear as the 
crystal plastically deforms to accommodate the indenter tip. However, eventually, as the 
strain at a fiber reaches some critical limit, it becomes impossible for the fibers to 
continue to shear. It then becomes energetically favorable for the calcite crystals to create 
dislocation loops around the agarose fibers, rather than shear through the material. At low 
agarose concentration, the indentation depth of ~200nm could be small enough that the 
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“high strain” region of the indentation volume never encompasses a fiber. At high 
agarose concentrations, the spacing between fibers would be small enough that the 
material acts as a homogeneous sample.
39
 This critical limit could vary with the 
concentration of impurities, resulting in an increased hardening rate for a given 
indentation depth or strain as impurity concentration increases While there is a slightly 
larger deviation in hardness values at low concentrations in the 60 degree orientation, this 
may just be a reflection of inhomogeneity of the sample, and not an indentation size 
effect.  
A third possible explanation is that the ionic concentration of salts during gelation 
affected the strength of the agarose gel inside the crystal. Higher ionic concentrations 
during growth have been shown to result in smaller pore diameters.
34
 Since all crystals 
were grown in 5mM CaCl2 solution, the low concentration gels would have a higher 
relative ionic strength than the high concentration gels. This difference might affect the 
strength and porosity of the gel in the crystal.  
One final possible explanation for the non-linear hardening rate is that the gel 
structure changes as the concentration of agarose varies, leading to the faster increase in 
hardness at low gel concentrations. Although we only have HRTEM images of the fibers 
within the calcite crystals at 1 w/v % growth concentration,
18
 we assume that the fiber 
structure inside the calcite crystal is identical to the fiber structure in the gel state for all 
growth concentrations. Fiber diameters are known to increase with increasing gel 
concentration leading to a higher fiber mass per unit length.
27, 28
 It has also been proposed 
that incompletely networked fibers, “dead-ends”, are more prevalent at lower gel 
concentrations.
28
 Finally, an analysis of EM staining with computer analysis showed that 
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at low gel concentrations, the fibers appeared to have a biphasic distribution of distances 
between fibers.
29
 Greiss et al. suggested that one explanation could be a gel composed of 
branched fiber units, rather than linear fibers. All of these differences may create a non-
linear hardening rate with gel concentration. 
The increased mass of an individual fiber with increased gel concentration could 
account for a leveling of the hardness between 0.25 and 1.0 w/v % (Figure 5.5). An 
increase in volume per fiber would have a negligible effect on calcite hardness, as the 
spacing between obstacles (~200-500 nm estimate from Figure 5.2)  would only decrease 
minimally due to slightly thicker fibers (2-3 nm).
40
 Whytock found that the fiber volume 
per unit length increased 2.5 fold when gel concentration increased from 4 fold from 0.5 
to 2.0%,
28
 implying that the pore diameter or should decrease by (2.5/4)
1/3
 or by 16%. 
Waki found that the fiber volume increased 4 fold when gel concentration increased 16 
fold from 0.25 to 4% suggesting a 37% decrease in pore diameter.  
However, the increased thickness of fibers at higher gel concentrations conflicts 
with the rate of change of pore diameter with gel concentration. If fibers do get thicker at 
higher growth concentrations, then the pore size would be expected to decrease at a 
slower rate than has been measured. A geometrical argument would suggest that the pore 
diameter, or spacing between fibers should decrease as the concentration of fibers to the 
1/2 or 1/3
rd
. However, the exponential curve fit from Figure 5.2 suggests that the spacing 
between fibers decreases at a faster rate; the pore diameter decreases as the concentration 
of fibers to the 0.64. It is uncertain why these two different methods of characterizing 
fiber density conflict with each other. 
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Nevertheless, using the exponential curve fit from Figure 5.2 to estimate fiber 
spacing at our growth concentrations, we calculated an expected hardness increase with 
agarose concentration.
41
 For this calculation, we aggregated pore size data found by 
electrophoresis with distances found by electron and atomic force microscopy, into one 
curve fit that we approximated as distance between fibers. We then calculated the defect 
concentration as the inverse square of the distance between fibers. Since experimental 
data has suggested that yield strength and hardness should be proportional to the square 
root of defect concentration (Equation 2 and Equation 3) we plotted hardness as a 
function of defect concentration (Figure 5.9) calculated using the best fit data from Figure 
5.2.
42
  Equation 3 follows from Equation 2 since yield strength and hardness both 
measure resistance to plastic deformation. 
Equation 2, y represents the yield strength, 0 represents the defect free yield 
strength, a is a scaling constant, and c represents the concentration of defects. Equation 3 
follows from Equation 2 since yield strength and hardness both measure resistance to 
plastic deformation. 
Equation 2 
y= 0 + ac
0.5
  (Equation 2) 
Equation 3 
H= H0 + ac
0.5
   (Equation 3) 
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Figure 5.9 Hardness as a function of the square root of defect concentration.  
5.4.2 Comparison to other synthetic calcites. 
The agarose reinforced calcite crystals are harder than other synthetic calcites that 
incorporate organic macromolecule additives.
43-45
 Furthermore, the incorporated weight 
percent of agarose is less than other literature examples, suggesting that agarose fibers are 
more effective at hardening synthetic calcite than the organic macromolecules used in 
other synthetic systems. One possible explanation for the higher hardness of the agarose 
incorporated crystals, is that the fibers may have a higher defect density despite a lower 
weight percent. Since the agarose fiber diameter ranges from 2 to 30 nm in gel systems, 
at 2 nm diameter, the defect density could be up to 100 times greater than the 20 nm 
micelles for an equal weight percent.    
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Table 3 Comparison of mechanical tests of synthetic calcites incorporating organic 
macromolecules. 
Incorporated 
Macromolecule 
Additive 
Weight % 
Additive 
Hardness 
(GPa) 
Comments Reference 
20 nm anionic 
diblock 
copolymer 
micelles 
13 % 3.0 ± 0.16 29 vol % 
43
 
Polyelectrolyte 
PSS 
3 % 2.0 ± 0.25 
2.4 ± 0.4 
Location 
dependent (high 
polymer content, 
lower hardness) 
44
 
Acidic 
glycoproteins 
from sea urchin 
spines 
Undeter-
mined 
N/A Glassy fracture 
in synthetic 
crystals vs brittle 
cleavage in 
geologic calcite 
45
 
Agarose 
polymer 
0.05 to 1.0 
% 
1.0 w/v % 
3.26 ± 0.11 
Increasing 
hardness with 
additive content 
This work 
 
5.4.3 Comparison to biogenic calcites 
 In comparison with biogenic calcite, the agarose reinforced calcite crystals 
measured for this chapter (Figure 5.10) are softer than calcite prisms from the mollusk, 
Atrina rigida (see Chapter 2). This result is not that surprising given the ~200 nm spacing 
between fibers seen in HRTEM of a 1 w/v% crystal
18
 and the ~10 nm spacing between 
organic aggregates seen in Atrina rigida.
46
 Therefore, it is possible that the decreased 
spacing between dislocation pinning sites in Atrina rigida is the source of the increased 
hardness when compared with gel grown calcite crystals, however, attempting to predict 
the hardness of Atrina rigida from Equation 3 while using constants found from the 
agarose data does not yield reasonable results.  
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Figure 5.10 Hardness of agarose reinforced calcite crystals in comparison with geologic 
and biogenic calcite as a function of azimuthal angle. Each data point of geologic calcite 
consists of at least 9 indents in one crystal (see Chapter 2). The 0.1 and 1.0 w/v % data is 
from at least 3 crystals with at least 11 data points. The biogenic calcite data comes from 
4 to 9 indents in Atrina rigida (see Chapter 2). 
 
5.5 Conclusion 
We have created synthetic calcite crystals with increased hardness and examined 
the effect of fiber reinforcement on the hardness of these crystals. We find that hardness 
increases with the concentration of agarose in which the crystal was grown. Additionally, 
we find that agarose fibers are not capable of hardening calcite to the level of biogenic 
calcite, but can harden calcite to the lower limit of substitutional impurities. 
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Hardness is found to vary with azimuthal angle in a similar manner to biogenic 
and magnesium doped calcite, and fracture patterns are not noticeably altered by the 
agarose fibers.  We therefore believe that a strengthening mechanism based on the 
hindered dislocation motion could explain the increased hardness found in these synthetic 
samples, and would also be consistent with calcite strengthened by substitutional 
impurities or biogenic impurities.  
One alternative viewpoint for the strengthening mechanism of agarose fibers in 
calcite, is that the mean free path of the dislocations are reduced by the free surfaces 
created by the agarose fibers. A parallel strengthening mechanism has been demonstrated 
in the literature for nanoporous metals, where dislocations may be impeded by free 
surfaces in a polycrystalline material.
47, 48
 While voids have been known to impede 
dislocation motion in twins in calcite,
49
 this may be an equivalent view of examining the 
same dislocation hardening mechanisms that we examine in this chapter. If it were 
possible to create nanoporous calcite with length scales on the order of 10 to 30nm 
through block-copolymer directed synthesis, it would be interesting to see if these 
materials had a similar modulus and hardness trend as that found in nanoporous metals. 
 
5.6 Experimental 
 Crystal Growth: Calcite single crystals were grown by the gas diffusion method
36
 
in hydrogels containing 0.05-3.0 w/v% agarose (Type IB, Sigma) and 5 mM CaCl2 
(CaCl2•H2O, Strem Chemicals 99.999%). The hydrogels with a range of agarose 
concentrations were prepared by adding 0.05 to 1 gram of dry agarose powder to ~100 
mL of 5 mM CaCl2 solution to create a 0.05 to 3.0 w/v% agarose mixture. The agarose 
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mixture was heated in a microwave with intermittent stirring until all agarose powder 
dissolved. The solution was then cooled for 20 minutes under ambient conditions and ~15 
mL aliquots were poured into 60 mm x 15 mm petri dishes. The petri dishes containing 
the agarose solutions were then covered with the loosely fitting top half of the petri dish 
and allowed to gel for approximately one hour at ambient temperature (Agarose 1B gel 
point ~36C). 
Approximately 0.5 grams of (NH4)2CO3 powder (Sigma-Aldrich), was then 
placed in a 20 ml glass scintillation vial and sealed with aluminum foil. A thin strip of 
parafilm was used to hermetically seal the aluminum foil to the vial. A needle was then 
used to create a small exit hole in the aluminum foil for the CO2 and NH4 gas diffusion. 
The petri dishes and scintillation vial were then placed in a closed dessicator 
(~8L). The polymer reinforced calcite single crystals grew in the bulk gel for 18-24 
hours. Crystals randomly nucleate in the gel and are suspended in the gel during growth, 
resulting in rhombohedral free floating crystals, ~60 to 80 m on edge. The crystals were 
extracted by dissolving the agarose gel in two to three volumes of DI water heated to 
boiling conditions (18.2 M, Barnstead EASYpure RoDI), and then rinsed with DI water 
followed by 100% ethanol. Upon melting of the gel, the dense crystals fall to the bottom 
of the solution where they can be physically extracted by pipette. The crystals were then 
dried under ambient conditions. The final yield of polymer reinforced calcite crystals was 
approximately 10 mg. 
Substrate preparation: An array of impressions ~60 m deep were made in 1/16 
inch thick marine corrosion resistant aluminum 5052 (Speedy Metals) by using a home-
built indenter that mimicked the morphology of the calcite rhombohedron. The home-
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built cubic zirconia indenter was polished using an Imahashi crystal polisher (Faceting 
Unit Model FAC-8) to orient the cubic zirconia at the desired angles and polished with a 
graded set of aluminum oxide lapping films. The crystal polisher is accurate to within 1° 
and it is estimated from light microscopy that the radius of curvature of the tip of the 
cubic zirconia was ~3 m. The polished crystal was then attached perpendicularly to the 
knife mount of a Sorvall MT 2B ultramicrotome and the manual stepper of the microtome 
was used to press the cubic zirconia indenter into the aluminum substrate. An array of 
~40 impressions with 300 m spacing was made, using the microtome’s stage 
micrometers to reposition the indenter between impressions. 
Sample Preparation: The aluminum substrate was submerged in 3 ml of 5 mM 
CaCl2 contained in a 30 x 10 mm petri dish. Calcite crystals extracted from 0.05 to 1 
w/v% agarose hydrogels, along with the 1 w/v% crystals that were subsequently annealed 
at different temperatures, were then sprinkled on top of liquid until they came to rest on 
the aluminum substrate. With the aid of a dissecting microscope, the crystals were then 
gently pushed into the impressions using a ~50 m diameter glass fiber drawn by hand. 
When the crystals are above the impressions, gravity aligns the crystals such that the c-
axis of each crystal is normal to the surface.   
The crystals were then fixed to the aluminum substrate by overgrowing calcite 
following the gas diffusion process listed above. The substrates were then rinsed with DI 
water and ethanol. 
Cyanoacrylate resin (Krazy Glue) was then poured over the top of the aluminum 
sample holders to encapsulate the crystals and allowed to dry overnight. The resin and 
crystals were polished by graded Al2O3 lapping films and a final 50 nm Al2O3 powder 
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(Buehler micropolish Al2O3) suspended in a water and 2-methyl-2,4-pentanediol mix 
(Green Lube, Allied High Tech) until the crystals were exposed for measurement. The 
surface roughness following this protocol was less than 10 nm RMS. 
Nanoindentation: Load-displacement measurements were performed using a 
Berkovich (~120 nm tip radius) diamond indenter on a commercial nanoindenter system 
(Hysitron Triboindenter) in quasistatic mode. Prior to data collection, the shape of the tip 
was calibrated using the method of Oliver and Pharr.
50
 Each indent consisted of five 
second load, hold, and unload segments with a maximum 2500 N load, with the 
unloading segment used to calculate the indentation modulus and hardness.
51
 The 
resulting indentations were ~200 nm deep. Surface topography scans were performed 
with the indenter tip before and after indenting to ensure indentations were located at 
least 5 m away from any edges.   
Fluorescence Microscopy: Samples were imaged using an Olympus BH2 
microscope with reflected light fluorescence attachment. The microscope was equipped 
with a 20UG1 exciter filter and DM400 dichroic mirror. The mercury arc lamp excitation 
was primarily at 334 and 365 nm while the dichroic mirror allowed fluorescence light 
with wavelengths greater than 400 nm to be transmitted. Images were captured on a 
Olympus C-7070 camera fitted to the microscope. 
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CHAPTER 6 
6 CONCLUSIONS 
This thesis presented a quantitative assessment of the factors that affect the hardness 
and modulus of biogenic calcite. In Chapter 2, we demonstrated the effect of 
crystallographic orientation on the measured values of biogenic and geologic calcite. We 
then examined the effect of impurities ranging from atomic substitutions (Chapter 3) to 
amino acids (Chapter 4) to long chain polymers (Chapter 5). Finally, we began to explore 
the effect of crystal quality (Appendices). By individually examining the effect of each 
factor, we have a better understanding of the strengthening mechanism responsible for 
the increased hardness found in biogenic calcite. 
We find that all of the results are consistent with a standard materials science model 
of hardening due to hindered dislocation motion (Chapter 1). This standard model 
proposes that hardness is a measure of the difficulty of a material to plastically deform 
and rearrange its relative atomic position. Chapter 2 showed that certain crystallographic 
directions in calcite are more difficult to deform than others, consistent with the standard 
model that hardness is dependent on the stress state applied to crystallographic planes. 
Chapters 3, 4 and 5 showed that the hardness of calcite increases with impurity 
concentration, whether the impurity is due to magnesium, cysteine, glycine, aspartic acid, 
or agarose. This is consistent with the standard model that impurities and their associated 
stress fields pin the relative motion of crystalline atoms.  Finally, the appendices and 
chapter 4 begin to suggest that hardness can be altered by crystal defects in general and 
that impurities alone are one subcategory of defects in crystal quality. The variation in 
hardness caused by changes in crystallographic orientation and impurity or defect 
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concentration, are all consistent with a strengthening mechanism based on hindered 
dislocation motion. 
In previous chapters, the results from synthetic samples and biogenic samples from 
the mollusks Atrina rigida and Pinna nobilis were compared with a reference geologic 
Iceland spar. Summarizing the results in Figure 6.1 shows two distinct trends. For all 
samples with controlled orientation, the relative increase in hardness at the 60° 
orientation is larger than at the 0° orientation. Even though the reference geologic Iceland 
spar is already harder at the 60° orientation, when dividing the hardness of the 0° 
orientation of the sample by the 0° orientation of the reference, and the hardness of the 
60° orientation of the sample by the 60° orientation of the reference, all measured 
samples increase in hardness at a faster rate in the 60° orientation. Secondly, the harder 
the sample, the larger the percentage difference between the 0° and 60° orientations.  
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Figure 6.1 Percentage hardness increase relative to geologic Iceland spar at the 0° 
orientation (filled) and 60° orientation (empty). Aspartic acid is an average of all 
orientations (shaded).  
Based upon the aggregated results of these hardness tests, we can begin to 
understand why biogenic calcite is harder than geologic calcite. We have determined the 
relative importance of impurities such as magnesium, amino acids, and polymer chains to 
the increased hardness of biogenic calcite. We have also quantified the variation in 
measured results due to changes in crystallographic orientation.  
However, further research is needed to answer whether the biomineralization process 
is responsible in some way for the increased hardness of biogenic samples. While 
geologic and synthetic calcite is typically formed through classical nucleation and 
growth, it is thought that biogenic calcite is via and amorphous precursor. If biogenic 
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crystals are formed through an amorphous calcium carbonate (ACC) precursor, does this 
growth mechanism result in a higher impurity concentration? Does an ACC precursor 
lead to kinetically trapped defects and a higher defect density? Since hardness is a 
material property that is dependent on the history of the sample, it is important to 
understand how the biomineralization process affects hardness. We may then hope to use 
mechanical property tests to shed light on the biomineralization process.  
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APPENDIX 1 
A1 FRACTURE MORPHOLOGY OF BIOGENIC AND GEOLOGIC CALCITE 
A1.1 Introduction 
Conchoidal fracture has been proposed in the literature to be a distinctive 
hallmark of biogenic calcite as opposed to cleavage along {104} planes seen in geologic 
calcite.
1-3
 However, the paper by Towe, often cited to demonstrate this difference,
4
 noted 
that conchoidal fracture can also be seen in geologic calcite.
4, 5
 Much of the fracture 
differences noted between geologic and biogenic calcite and even within biogenic calcite 
measurements may be due to differences in the stress state applied during the fracture 
experiment.
3, 4
 
 To emphasize the similarities in fracture morphology between geologic and 
biogenic calcite that had been demonstrated in the paper by Towe, we oriented geologic 
calcite in the form of Iceland spar and biogenic calcite from the prismatic layer of the 
mollusk Atrina rigida in the same crystallographic direction and scratched the surface of 
both crystals (Figure A6.2). Although these results may not be applicable to comparisons 
between geologic calcite and sea urchin spines, in this particular instance, it is possible to 
see similar fracture patterns as well as residual twin lamellae, indicative of plastic 
deformation in both geologic and biogenic calcite (Figure A6.2c). 
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Figure A6.2 Scratch tests on the (001) face of the prismatic layer of Atrina rigida and 
geologic calcite. (a-c) Low to high magnification scanning electron microscope images of 
Atrina rigida fracture. Panel c shows the twinning planes extend across several microns. 
(d) Schematic illustrating direction of scratch on geologic sample. (e-f) Low and high 
magnification images of scratches on geologic calcite. 
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APPENDIX 2 
A2 THERMAL GRAVIMETRIC ANALYSIS OF ATRINA RIGIDA 
 
Figure A6.3 TGA data showing weight loss of Atrina rigida prisms heated at 5° C/min 
under air atmosphere. 
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APPENDIX 3 
A3 THE EFFECTS OF HEATING ON THE HARDNESS OF POLYMER 
REINFORCED CALCITE 
A3.1 Introduction 
We would like to know if the fiber-like structure of agarose affects its ability to 
alter the mechanical properties of calcite. If the same amount of agarose were 
incorporated inside single crystal calcite as disconnected spheres, rather than as 
connected fibers, would the calcite be as hard? Fortunately, agarose decomposes at a 
lower temperature than calcite, allowing selective decomposition and removal of organic 
fibers from the crystal matrix.
1
 By measuring the hardness of single crystal calcite 
containing agarose as a function of annealing temperature, we can gain some insight into 
the role of fiber structure on the hardness of calcite. 
Several methods can be used to track the agarose fiber structure after heating. 
Previous thermal gravimetric analysis (TGA) of dried agarose shows an initial pyrolysis 
at about 250 °C, losing 70% of its weight, followed by a final 30% loss at about 450 °C.
2
 
Numerous decomposition byproducts were detected including monomer sugar units, and 
acidic small molecules.
3
 Under a nitrogen atmosphere, TGA of calcite crystals with 
occluded agarose fibers shows a similar decomposition temperature for the first and 
second stages, though the second decomposition at 450 °C is relatively smaller in 
magnitude in the calcite crystals (Figure A6.4).
4
 HRTEM tomography of 1 w/v % calcite 
crystals shows that between 300 and 400 °C, channels left behind by decomposed fibers 
collapse to form spheres, minimizing their surface energy.
1
  
 
 133 
 
Figure A6.4 Representative TGA curve for calcite crystals grown in 1 w/v% Agarose IB 
and 5 mM CaCl2. The sample was heated at 5 °C / minute under nitrogen atmosphere. 
Fluorescence microscopy can also track the decomposition of agarose (Figure 
A6.5). Agarose natively fluoresces,
5
 which enables us to track the condition of the fiber 
within calcite crystals as a function of temperature.  
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Figure A6.5 Fluorescence microscope images of 1 w/v % calcite crystals heated for 1 
hour under ambient atmosphere. (a) As prepared (b) 100 °C (c) 200 °C (d) 300 °C (e) 400 
°C (f) 500 °C.  
A3.2 Experimental Design 
Crystal Heating and Polymer Removal: 1 w/v% polymer reinforced calcite 
crystals were sprinkled onto glass slides and placed in a furnace (Thermo Scientific 
F6000) under ambient atmosphere. Each sample was then heated from ambient 
conditions at a 5 °C per minute ramp rate and held at the annealing temperature for 1 
hour. Five target temperatures were used ranging from 100 to 500 °C in 100 degree 
increments.  However, the 500 °C crystals appeared to have an oily coating on the 
crystals, and so were not tested. The as-prepared to 400 °C samples were tested by 
nanoindentation and imaged by fluorescence microscopy to examine the effect of organic 
removal.  
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A3.3 Conclusions 
The hardness of 1 w/v % calcite crystals is greatest as prepared, and decreases with 
increased heating temperature (Figure A6.6). However, the plane strain indentation 
modulus was unchanged upon heating (Figure A6.4). 
 
Figure A6.3 Hardness of 1 w/v % calcite crystals annealed for one hour (solid figures) 
and measured at the 0 and 60 degree azimuthal orientations. Geologic crystals (open 
figures) were also tested at room temperature and after annealing at 400C. For the 1 w/v 
% crystals, each data point is an average of 5 crystals totaling 45 measurements. The 
geologic data points each represent 16 measurements on 1 crystal. The connecting lines 
are intended as guides for the eye. 
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Figure A6.4 Plane strain indentation modulus of 1 w/v % calcite crystals annealed for one 
hour (solid figures) and measured at the 0 and 60 degree azimuthal orientations. Geologic 
crystals (open figures) were also tested at room temperature and after annealing at 400C. 
For the 1 w/v % crystals, each data point is an average of 5 crystals totaling 45 
measurements. The geologic data points each represent 16 measurements on 1 crystal. 
The connecting lines are intended as guides for the eye. 
A3.4 Discussion 
It is interesting to note that the decrease in agarose hardness coincides with the 
decrease in weight by TGA as well as changes in fluorescent intensity; all three have 
marked changes between 100 and 300C. 
The decreased hardness upon heating may be due to two effects. The fibers may 
be directly related to strengthening the calcite crystals as non-deforming obstacles and 
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this additional strengthening mechanism is lost upon heating (See chapter 1). A non-
deforming additive has a greater yield strength than that of the dislocations that interact 
with it. Therefore, instead of moving to accommodate the dislocation, the dislocation 
moves to accommodate the second phase resulting in secondary dislocations which can 
then interact to further strengthen the material. Alternatively, the dislocation density (ie. 
distance between dislocations) may decrease with heating. HRTEM of as prepared 
crystals vs. heated crystals, shows that the spacing increases between fibers (as prepared) 
and voids (heated). When these fibers convert to voids upon heating, we assume that the 
conversion is volume conserving and so does not affect the percentage of the crystal that 
contains an additive (i.e. the volume of the crystal does not decrease upon fiber removal) 
but the spacing between defects increases as the high surface area fibers coalesce into 
three dimensional spheres. 
One possible concern about annealing the samples is that the voids inside the 
crystals may be under pressure and therefore assist in making the crystal more brittle. 
Nanoindentation of these samples might read a lower hardness due to fracture during the 
indentation. However, both the 0 and 60 degree data do not appear to have any trend nor 
are they distinguishable from the as prepared samples ranging from 0 to 1 w/v %. We 
therefore believe that the similar modulus values for all annealed temperatures indicates 
that the voids do not cause or hinder fracture in any significant manner. 
Fibers have been shown to act as crack branching tougheners in brittle materials, 
however, we do not believe that crack arrest is responsible for the increased hardness of 
agarose occluded calcite. An increased R-curve or toughening rate in a brittle ceramic 
when reinforced with niobium wires versus niobium particles,
18-20
 and response of 
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collagen fibrils under AFM loading,
21
 shows that fibers can act extrinsically,
19
 and 
toughen a material after a crack has occurred. However, in the case of nanoindentation 
hardness, the agarose fibers act as an intrinsic strengthener, resisting plastic deformation 
before cracks appear. The smaller hardness difference between 0° and 60° orientations 
when the crystals are heated and fibers removed, is contrary to what might be expected 
from a crack branching toughener. Since visual cracking as imaged by SEM occurs only 
in the 0° orientation, we would expect the 0° orientation to be closer in hardness to the 
60° orientation when fibers are present. In fact, when fibers are not present (at high 
annealing temperatures), the hardness difference is smallest between 0° and 60° 
orientation is the smallest. This would suggest that crack bridging does not occur with 
agarose fibers or that the effect on hardness is not measurable.  
One alternative viewpoint for the strengthening mechanism of agarose fibers in 
calcite, is that the mean free path of the dislocations are reduced by the free surfaces 
created by the agarose fibers. A parallel strengthening mechanism has been demonstrated 
in the literature for nanoporous metals, where dislocations may be impeded by free 
surfaces in a polycrystalline material.
22, 23
 While voids have been known to impede 
dislocation motion in twins in calcite,
24
 this may be an equivalent view of examining the 
same dislocation hardening mechanisms that we examine in this chapter. If it were 
possible to create nanoporous calcite with length scales on the order of 10 to 30nm 
through block-copolymer directed synthesis, it would be interesting to see if these 
materials had a similar modulus and hardness trend as that found in nanoporous metals. 
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APPENDIX 4 
A4 THE EFFECTS OF GROWTH RATE ON THE HARDNESS OF CALCITE 
A4.1 Introduction 
Increased growth rates have been shown to lead to an increased concentration of 
defects in synthetic calcite.
1-4
 In the case of impurity defects, a higher concentration of 
impurities is found inside synthetic calcite grown at higher calcium and carbonate 
precursor concentrations, even at constant impurity concentrations.  Higher growth rates 
also lead to a higher concentration of impurity-free defects such as screw dislocations at 
the center of spiral hillocks, and voids seen in AFM scans under high supersaturation.
1
 
Since the concentration of defects should affect the hardness of a material by 
hindering plastic dislocation, changes in growth rate may produce crystals with altered 
mechanical properties. Here, we measure the hardness of single crystal calcite grown at 
different solute concentrations and compare the results with biogenic calcite.  
A4.2 Experimental Design 
Calcite crystals containing 0.1 w/v % agarose were placed in oriented holders, 
overgrown with high-growth-rate calcite, polished to expose the (001) face, and the seed 
and overgrowth were measured for hardness by nanoindentation.  We used seed crystals 
isolated from a 0.1 w/v % agarose gel because of their ready availability, uniform size, 
and previously measured hardness and modulus (Chapter 5). Following the mounting 
procedure for magnesium overgrowth
5
, 0.1 w/v % seed crystals were manually placed 
into an aluminum or nickel holder such that c-axis of the crystal was normal to the 
substrate. The oriented crystals were then placed into growth chambers containing 15 
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mM, 100 mM, 175 mM, 250 mM or 500 mM CaCl2 solutions and overgrown using gas 
diffusion of (NH4)2(CO3). Due to unwanted random spontaneous nucleation at higher 
growth concentrations, the 175, 250 and 500 mM sets were grown in a small (~100 L) 
diffusion chamber while the 15 and 100 mM sets were grown in a large (~4L) chamber. 
The concentration of CO2 was not monitored during the growth. All samples were then 
polished to expose the (001) face and measured by nanoindentation at two azimuthal 
angles. 
A4.3 Results 
The hardness of the overgrowth region is dependent on the concentration in which 
the crystal was grown.  The overgrown calcite is similar in hardness to geologic Iceland 
spar when grown in 15 and 100 mM CaCl2 solutions (Figure A6.7). However, the 
overgrown calcite is harder than geologic calcite when grown in 175, 250 or 500 mM 
CaCl2 solution. The non-linear increase in hardness between crystals grown below 100 
mM CaCl2 and those grown above 175 mM CaCl2 is likely due to differences in the 
growth chambers; the higher concentration samples were grown in smaller chambers so 
the gas diffusion of the (NH4)2(CO3) was much more rapid in these samples.  
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Figure A6.7 Hardness of calcite as a function of growth concentration. Geologic Iceland 
spar (circles) and overgrown calcite (diamonds). Filled symbols represent the 0 degree 
orientation while unfilled symbols represent the 60 degree orientation. Each data set 
represents at least 19 measurements on at least 4 crystals.  
The hardness of the overgrowth region was also mapped for one crystal grown at 
250 mM CaCl2 (Figure A6.8). The hardness of the seed crystal is 3.0 ± 0.29 GPa while 
the hardness of the overgrowth region is 4.1 ± 0.23 GPa. There is a slight increase in 
hardness with distance from the seed crystal as seen by increasing hardness with indent 
number for each row.  
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Figure A6.8 a. Surface scan using nanoindenter tip. b. Corresponding hardness of the 
overgrown high-growth-rate calcite (250 mM CaCl2) (red) and 0.1 w/v % calcite seed 
crystal (blue). The spacing between indents is 3 m. 
The plane strain indentation modulus is similar for all growth concentrations (data 
not shown). 
A4.4 Discussion 
Calcite grown at high supersaturations and high growth rates is harder than calcite 
grown at low precursor concentrations. Since higher growth rates have been shown to 
lead to more defects, these results are consistent with the theory that the hardness of 
calcite is increased due to defects which hinder plastic dislocation motion.   
The hardness of calcite grown at very high growth rates is equivalent to the 
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hardness found in Atrina rigida and Pinna nobilis. If the defects found in synthetic high-
growth-rate calcite are intrinsic dislocations and not due to impurities, then it is possible 
that a significant portion of the increased hardness of biogenic calcite may result from 
changes in crystal quality rather than biogenic impurities.    
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APPENDIX 5 
A5 HARDNESS AND MICROSTRUCTURE OF PINNA NOBILISf 
A5.1 Introduction 
Pinna nobilis is a mollusk that has been used as a model subject for studies of 
growth patterning, mineral anisotropic lattice distortions and crystalline nanostructure.
1-3
 
Here we examine the hardness, modulus, and microstructure of the outer prismatic layer 
and compare the results with the mollusk Atrina rigida. 
A5.2 Experimental Process 
All samples were obtained from a large, ~25 year old, Pinna nobilis shell. (Figure 
A6.9) The Pinna nobilis shell is composed of an inner nacreous layer and an outer calcite 
prismatic layer. The prismatic layer is comprised of calcite prisms up to a few millimeters 
long, all oriented with the c-axis normal to the shell surface. 
 
                                                 
f
 I would like to thank Dr. Stephan E. Wolf for his collaboration in designing experiments, preparing 
samples and collecting experimental data for this section. 
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Figure A6.9 Fragment of a Pinna nobilis shell. Samples were taken from the region of the 
inset box. 
Five samples, each approximately 1 cm by 1 cm by 0.6cm (shell thickness), were 
excised from the shell and embedded in epoxy. One sample was oriented and polished 
such that the naturally occurring outer prismatic layer was exposed for crystallographic 
orientation determination, hardness measurement and quantitative elemental analysis. A 
second sample was oriented so that a cross section of the shell would be exposed for 
elemental analysis. The other samples were preserved as backup samples. 
The mechanical properties of calcite are dependent on crystallographic 
orientation,
4, 5
 and magnesium content.
6
 We therefore determined the absolute 
crystallographic orientation of the prisms by electron backscatter diffraction  (EBSD) to 
prior to measuring the hardness and modulus by nanoindentation (Figure A6.10). The 
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relative in-plane rotation of the calcite to the three-fold symmetry of the indenter tip was 
also controlled for during the measurement. Magnesium content was measured by 
wavelength dispersive spectroscopy on the indentation surface as well as down the length 
of the prism. 
 
Figure A6.10 Top view of a polished prismatic layer with an overlay of the EBSD map 
used to determine crystallographic orientation.  The color of each 5 µm by 5 µm pixel is 
generated by plotting the three Euler angles that correlate the calcite crystal orientation at 
that location to a constant reference coordinate system as red, green, and blue color 
intensities. 
A5.3 Results 
The hardness of the prismatic layer of Pinna nobilis indented on the {001} face, 
varies with azimuthal angle and ranges from 3.7 to 4.4 GPa (Figure A6.11) The lowest 
values are found near = 0° and the highest at  = 60°. The hardness values are ~0.3 
GPa higher than Atrina rigida and ~2 GPa harder than geologic Iceland spar.  
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Figure A6.11 Plot of hardness as a function of azimuthal angle for Pinna nobilis (blue 
diamonds), Atrina rigida (red squares) and geologic calcite (green triangles). Each 
azimuthal angle is an average of 8 indents for Pinna nobilis, 4 to 8 indents for Atrina 
rigida and 9 to 27 indents for the geologic sample. Error bars represent one standard 
deviation. 
The modulus values are similar for Pinna nobilis, Atrina rigida and geologic 
Iceland spar (Figure A6.12). There appears to be a slight decrease in modulus at = 60° 
which is more pronounced in the geologic sample.  
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Figure A6.12 Plot of plane strain indentation modulus as a function of azimuthal angle 
for Pinna nobilis (blue diamonds), Atrina rigida (red squares) and geologic calcite (green 
triangles). 
The magnesium content of Pinna nobilis as measured on seven prisms ranged 
from 0.6 to 1.4 weight percent MgO (1.15 to 2.94 at. %) with an average of 0.79 weight 
percent (1.64 at. %). The magnesium is not evenly distributed within the prismatic layer; 
scans down the length of the prism showed that magnesium content is partitioned into 
zones on the order of 100m in spacing (Figure A6.13). The magnitude and zoned 
distribution of magnesium content are consistent with previous literature data.
1, 2
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Figure A6.13 Magnesium content parallel to the long axis of a single prism as 
measured by quantitative wavelength dispersive spectroscopy. Data was measured in a 
3 X 47 grid, with 58m spacing in the x direction and 10m spacing between the three 
parallel traces. 
A5.4 Discussion 
Calcite hardness increases with magnesium content.
6
 Prisms from the mollusk 
Pinna nobilis have approximately twice the magnesium content found in Atrina 
rigida, therefore some of the increased hardness of Pinna nobilis may be attributed to 
increased magnesium content over Atrina rigida. However, magnesium impurities 
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alone, cannot account for the absolute hardness of calcite. (Figure A6.14) 
 
Figure A6.14 Hardness of geologic calcite (circle), magnesium doped synthetic calcite 
(triangle), Atrina rigida (square), and Pinna nobilis (diamond) as a function of 
magnesium content. 0 degree orientations are solid, and 60 degree orientations are 
hollow. 
The zoned distribution of magnesium content within a single prism in Pinna 
nobilis may also result in regions of hard and soft calcite within a single prism. It is 
unknown at this time whether this magnesium content distribution will affect the 
overall strength and toughness of the shell. However, further hardness measurements 
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should be done to quantitatively measure the effect of hardness zoning within a single 
prism.  
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